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Abstract 

This report presents the results of studies that investigate the physics reach at a Super B factory, 
an asymmetric-energy e~^e~ colhder with a design luminosity of 5 x 10^^ cm~^s~^, which is 
around 40 times as large as the peak luminosity achieved by the KEKB collider. The studies 
focus on flavor physics and CP violation measurements that could be carried out in the LHC 
era. The physics motivation, key observables, measurement methods and expected precisions 
are presented. The sensitivity studies are a part of the activities associated with the preparation 
of a Letter of Intent for SuperKEKB, which has been submitted recently ^. 



^KEK Report 04-4 "Letter of Intent for KEK Super B Factory", available from|http://belle.kek.jp/superb/loi71 



Contents 



IntroductionI 



1.1 Motivation for the Higher Luminosity B Factorvl 4 

1.2 B^lle Status and Prospectsl 6 



1.2.1 Status of CP- Violation in 6 — > ccs Processed 6 



1.2.2 Status of (7 P- Violation in b — > sgg Penguin ProcessesI 



1.2.3 Radiative B decay; 



11 

1.2.4 Electroweak E.are B Decavsl 15 

1.2.5 ProspectsI 19 



Flavor Structure of the Standard Modell 20 

2.1 Flavor Structure of the Standard Modell 20 



2.2 Low Energy Effective HamiltoniansI 22 

2.3 B-B Mixing! 25 



2.4 



Time-dependent Asvmnietriea 26 



2.4.2 Measurement 



2.5 Theoretical Method; 



of 



I 



2.4.1 Measurement of sin 2g!)i I 27 

28 

29 

29 

2.5.2 Heavv Quark ExpansionI 30 

2.5.3 PerturhativeMethodT"^ 30 



2.5.1 Heavv Quark Svnmictrv 



2.5.4 Lattice QCd 31 



Flavor Structure of the Phvsics bevond the Standard Modell 

3.1 Motivation for New Phvsica 34 



34 



^ 



New phvsics scenarioa 35 



3.3 Super symmetric modela . . . . 35 



3.4 SUSY effect nu h ^ s transition^ 37 



3.5 Model independent study oi b —>■ s^ and b -^ si^£ processed 42 

3.6 Leoton Flavor ViolationI 44 



3.6.1 



LEV in the Supersvmmetric Modeld • ■ ■ • 45 



MJ. 



SUSY Seesaw Mechanism and STISY OTITd 48 



3.6.3 Qther Theoretical Modeld 50 



Sensitivitv at SunerKEKRi 51 

4.1 Overviewl 51 



4.U1 



Goals of sensitivity studied • ■ • 51 



4.1.2 



Time-dependent CP asvmmetried 52 



4.1.3 B tagging with full reconstruction! 54 



4.2 



141. 



\4A. 



4.8 



4.9 



New (7P-violating phase in b ^ sqq i 57 

4.2.1 I ntroductioiJ 57 



4.2.2 B° -^ 6K9,. n'K9, and K+K-K9\ 57 



4.2.3 B 







4.2.4 



K9.K9.K9. and 7r°Kgl 61 

B^ -^ 6(hX^\ 64 



4.2.5 



DiscussionI 67 

70 



5T and b 



4.3.1 Introduction 70 



4.3.2 B -^ Xc'y branching fractioni 71 

4.3.3 B -^ K*i'^i~' forward-backward asvmnietrvl 72 

4.3.4 B -^ Ku+Li~ versus B -^ Ke+eH 74 

4.3.5 Mixing induced CP asymmetry in B -^ K*^ 74 



4.3.7 h^ch a,nd h -^ df. 



4.3.6 B -^ X^'y direct CP asymmetrvl 77 

77 

^^^^^^_^^^^^_^ 78 

4.4 MQre than one neutrino 1: B ^ K^*'vh' and B -^ tiA 79 

4.4.1 Introduction! . . . 79 

4.4.2 Estimation of signal and background! 80 



4.3.8 Summary! 



4.4.3 



Discussion! 81 



More than one neutrino II: B -^ Dt 



85 



4.5.1 



Introduction! 85 



4.5.2 B -^ Dt+u.. 



Reconstruction! 85 



4.5.3 Kinematic Eyent SelectionI 87 



4.5.4 Background Components! 91 

4.5.5 Statistical Significance! 91 



4.5.6 Systematic Uncertainty 91 



4.5.7 Constraints on the Charged Higgs Mass! 92 



4.5.8 Summary! 93 



4.6 siu2(?!> 



|4-7 ii 



94 
97 



4.7.1 Status of the B^ -^ -7r"'"7r~ analysis! 97 

4.7.2 Isospin analysis for B -^ -Kin . 97 

4.7.3 Status of the B^ -^ pit analysia 100 



4.7.4 Dalitz plot analysis of B^ — > pn 



^ 



101 
104 
4.8.1 Introduction! 104 



4.8.2 L>(*)-7r+ modes! 104 



4.8.3 B^ -^ DK*^ fADS method')! 108 



4.8.4 B^ 



\^ 



DK^ fPalitz analysis)! 110 

116 



4.9.1 Introduction 116 



4.9.2 Theoretical formalisms for the semileptonic B decays! 116 



4.9.3 Measurement of inclusive b ^ u scmilcptonic decays! 122 



4.10 



4.9.4 Measurement of exclusive 6 — > n semileptonic decays! 125 

Tau decays! 128 



4.10.1 Introduction 128 



4.10.2 Present experimental status! 128 



4.10.3 Achievable sensitivity at SuperKEKB and physics reached 129 



4.1 n.4 



Summarvl 135 



4.11 Diversity of physics at Suoer-KEKB-other possibilitiea 137 

4.11.1 Charm physicsl . 137 



4.11.2 



Electroweak physics! 138 



4.11.3 Charnioniuni physical 141 



4.11.4 Physics potential at T(5S) 



145 



.12 Summary! 148 



5 Study of New Phvsics Scenarios at SuperKEKB 



149 

5.1 New phvsics case studvl ■ • ■ 149 



5.2 Model independent approached 150 

5.3 TheCKMfiti 156 



6 Summary 



162 



Chapter 1 

Introduction 

1.1 Motivation for the Higher Luminosity B Factory 

What are the most fundamental elements of the Universe? What is the law which governs 
their interactions? These are the questions that theoretical and experimental particle physicists 
have been working hard to answer for more than a century, and it was about thirty years ago 
that they arrived at the Standard Model of elementary particles. The Standard Model contains 
three generations of quarks and leptons, and their interactions are mediated by gauge bosons 
according to the SU{3)c x SU{2)l x U{1)y gauge field theory. Over the past thirty years the 
Standard Model has been confirmed by many precise experimental measurements. 

Nevertheless, there are several reasons why the Standard Model is not completely satisfactory 
as the theory of elementary particles. First of all, it includes many parameters, i.e. the masses 
and mixing of the quarks and leptons, all of which are a priori unknown. The hierarchy of quark 
and lepton masses and the flavor mixing matrices suggest that some hidden mechanism occurring 
at a higher energy scale governs their pattern. Secondly, due to quadratically divergent radiative 
corrections, the Higgs mass is naturally of the same order as its cutoff scale; this implies that 
some new physics exists not far above the electroweak scale. Prom a cosmological viewpoint, 
there is a serious problem with the matter- antimatter asymmetry in the universe. This cannot 
be explained solely by the CP violation that occurs in the Standard Model, which originates 
from quark-flavor mixing. These reasons lead us to believe that new physics exists, and is most 
likely at the TeV energy scale. 

The most direct way to discover the new physics is to construct energy frontier machines, 
such as the Large Hadron Collider (LHC) or the Global Linear Collider (GLC), to realize TeV 
energy scale collisions in which new heavy particles may be produced. The history of particle 
physics implies, however, that this is not the only way. In fact, before its discovery, the existence 
of the charm quark was postulated to explain the smallness of strangeness-changing neutral 
currents (the Glashow-Illiopolous-Maiani (GIM) mechanism 1,). The third family of quarks 
and leptons was predicted by Kobayashi and Maskawa to explain the small CP violation seen 
in kaon mixing |5]. These are examples of Flavor Changing Neutral Current (FCNC) processes, 
with which one can investigate the effect of heavier particles appearing only in quantum loop 
corrections. 

The mechanism to suppress FCNC processes should also be present in new physics models 
if the new physics lies at the TeV energy scale, because otherwise such FCNC processes would 
violate current experimental limits. Information obtained from flavor physics experiments are 
thus essential to uncover the details of the physics beyond the Standard Model, even after energy 
frontier machines discover new particles. 



A natural place to investigate a wide range of FCNC processes is in B meson decays. This 
is because the bottom quark belongs to the third generation and, hence, its decays involve 
all existing generations of quarks. In addition to B^ — B^ mixing, which is an analog of the 
traditional K^ — K^ mixing, there are many FCNC decay processes induced by so-called penguin 
diagrams, such as the radiative decay b — > 57, the semileptonic decay b -^ si^£~, and the 
hadronic decays b — > dqq and b -^ sqq. All of these processes are suppressed in the Standard 
Model by the GIM mechanism, and, therefore, the effect of new physics may be relatively 
enhanced. The Higher Luminosity B Factory is a machine designed to explore such interesting 
B decay processes. 

In the summer of 2001 the presence of CP violation in the B meson system was established 
by the Belle collaboration PH^EIIH] (and simultaneously by the BaBar collaboration "7"H"^[Tn] ) 
through the measurement of the time dependent asymmetry in the decay process B^{B^) — > 
J/ipKg. This measurement was the main target of the present asymmetric e~^e~ B Factories, 
and it was achieved as originally planned. The experimental data indicated that the Kobayashi- 
Maskawa mechanism, which is now a part of the Standard Model of elementary particles, is 
indeed the dominant source of observed CP violation in Nature. 

The Belle experiment also proved its ability to measure a number of decay modes of the B 
meson and to extract Cabibbo-Kobayashi-Maskawa (CKM) matrix elements and other interest- 
ing observables. For instance, the precision of the measurement of the angle </>i of the unitarity 
triangle through the B^ — > J/iIjK^ time-dependent asymmetry reached the 10% level |11| : a 
CP asymmetry was also observed in B^ — > 7r"'"7r~ decay, from which one can extract the an- 
gle 4>2 ^l^lQj; the angle ^3 could also be measured through the processes B -^ DK and 
L>7r [T5|[Tfi|rr7| : the semi-leptonic FCNC processes B -^ Ki+i' HH], ^ ^ K*i+£- ^, and even 
the corresponding inclusive decay B -^ Xsi~^i~ [^ were observed. Furthermore, the recently 
observed disagreement between the values of the angle (pi measured in the penguin process 
B -^ 'pKs ^^'^ ^^^ precisely measured value in i3 ^ J/ipKg suggests the existence of a new 
CP phase in the penguin process b -^ sqq [2J. By collecting many such observations we may 
probe new physics, and, once its existence is established, these measurements will determine 
the properties of the new physics. This is only possible if KEKB's luminosity is upgraded by 
a substantial amount. As we discuss in the following sections, a factor of 50 improvement will 
greatly enhance the possibility to discover new physics. 

In the program of quark flavor physics, one way to explore physics beyond the Standard 
Model is to improve substantially the measurement precision of the CKM matrix elements. This 
can be done in many different ways, and any inconsistency with the Standard Model predictions 
would imply new physics. In this report we discuss the precision we expect to achieve at the 
higher luminosity B factory for various determinations of the CKM matrix elements. These 
consist of measurements of the three angles and three sides of the Unitarity Triangle. 

Another way to search for the effect of new physics is to look at loop-induced rare processes 
for which the Standard Model contribution is extremely suppressed. Such processes may provide 
an immediate signature of new physics that also contributes through loops but in a different 
manner. We describe several such future measurements including the mixing-induced 6 — > 57 
asymmetry, b — > si^i" forward-backward asymmetry, and flavor changing tau decay r — > /X7. 

B physics programs are also being pursued at hadron machines, including the ongoing Teva- 
tron experiments [22j and the B physics programs at the Large Hadron Collider (LHC) |23j . 
which is scheduled to start operation in 2007. Because of the very large BB production cross 



section in the hadron environment, some of the quantities we are planning to measure at the 
e^e~ B factory may be measured with better precision at the hadron cohiders. The study of 
Bg mesons is probably unique to the hadron machines. However, an e~^e~ machine provides a 
much cleaner environment, which is essential for important observables that involve 7's, vr'^'s, 
Kj^^s or neutrinos in the final states. On the T{4S) resonance, the BB pair is produced near the 
threshold and there are no associated particles. This means that one can reconstruct the full 
energy-momentum vector of a i? (B) meson from its daughter particles (the full reconstruction 
technique), from this one can infer the missing momentum in the decay of the other B (B) 
meson. This technique is essential for the measurement of channels including neutrino(s) in 
the final state. The measurement of the CKM element \Vub\ through the semi-leptonic decay 
b — > uW, the search for a charged Higgs effect in B ^ Dtu, and measurements of S — > Kuv, 
B ^ Tu fall in this class. 



1.2 Belle Status and Prospects 

By the 2003 summer shutdown. Belle had accumulated data with an integrated luminosity 
of 140 fb~^ at the T(45) resonance, corresponding to 152 million BB pairs. With modest 
improvements expected for the current KEKB accelerator, we expect an integrated luminosity 
of ~ 500 fb~^ in several years. 

In this section, the current physics results are briefly reviewed for selected topics in order to 
give an overview of the present status. The status and future prospects for further topics are 
presented in the later sections. 

1.2.1 Status of CP- Violation in 6 ^ ccs Processes 

Decays of B^ to the following b — > ccs CP-eigenstates are reconstructed: J/t(jKg, ip{2S)Kg, 
XciKg, r]cKg for ^j = —1 and J/ipKi^ for S,f = +1 ^, where ^/ denotes CP parity. The two classes 
{^f = ±1) should have CP-asymmetries that are opposite in sign. B^ -^ J /il)K*^[-^ K^tt^] 
decays are also used, where the final state is a mixture of even and odd CP. The CP content 
can, however, be determined from an angular analysis of other JipK* decays. The CP-odd 
fraction is found to be small (i.e. (19 it 4)%). 

The reconstructed samples with 140 fb~^ used for the sin2(;/)i measurement |llj are shown 
in Figure [TTTl Table IlD lists the numbers of candidates, A'^ev, and the estimated signal purity 
for each fcp mode. It is clear that the CP-eigenstate event samples used for the CP-violation 
measurements in 6 — > ccs are large and clean. 

Figure 11.21 shows the At distributions, where a clear shift between B^ and B tags is visi- 
ble, and the raw asymmetry plots for two ranges of the flavor tagging quality variable r. For 
low quality tags (0 < r < 0.5), which have a large background dilution, only a modest asym- 
metry is visible; in the high quality tag sub-sample (0.5 < r < 1.0), a very clear asymmetry 
with a sine-like time modulation is present. The final results are extracted from an unbinned 
maximum-likelihood fit to the At distributions that takes into account resolution, mistagging 
and background dilution. The result is 

sin 2(j)i = 0.733 ± 0.057 ± 0.028. (1.1) 



The inclusion of the charge conjugate decay mode is imphed unless otherwise stated. 
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Figure 1.1: (Left) The fully reconstructed CP-eigenstate sample. (Right) Thep^ {B momentum 
in the CM frame) distribution for the B -^ J/tpK^ sample (right). The shaded portions show 
the contributions of different background components. The vertical dashed lines indicate the 
signal region. 



Table 1.1: The yields for reconstructed B -^ fcp candidates after flavor tagging and vertex 
reconstruction, A'^eV) and the estimated signal purity, p, in the signal region for each fcp mode. 
J/ip mesons are reconstructed in J ftp — > fi^fi~ or e~^e~ decays, 
reconstructed in Kg — > 7r"'"7r~ decays unless explicitly stated otherwise. 



Candidate K^ mesons are 
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Figure 1.2: (a) At distributions for B^ and B tags (b) raw asymmetry for low-quality tags and 
(c) raw asymmetry for high-quality tags. The smooth curves are projections of the unbinned 
likehhood fit. 



This result may be compared to the BaBar result with 82 fb ^ of sin 20i = 0.741ib0.067ib0.03 
|1UJ . Both experiments are now in very good agreement; the average of these results is 

sin 201 =0.736 ±0.049. (1.2) 

This average can be interpreted as a constraint on the CKM angle (pi. This constraint can 
be compared with the indirect determinations of the unitarity triangle _^215 and is consistent 
with the hypothesis that the Kobayashi-Maskawa phase is the source of CP violation. The 
measurement of sin2(/)i in 6 — > ccs modes, although still statistically limited, is becoming a 
precision measurement. The systematics are small and well understood. 

The presence of an asymmetry with a cosine dependence (|A| ^ 1) would indicate direct CP 
violation. In order to test for this possibility in 6 — > ccs modes, Belle also performed a fit with 
acp ^ — ^/ImA/|A| and |A| as free parameters, keeping everything thing else the same. They 
obtain 

I A| = 1.007 ± 0.041(stat) and acp = 0.733 ± 0.057(stat) , (1.3) 

for all the b -^ ccs CP modes combined. This result is consistent with the assumption used in 
their primary analysis. 

1.2.2 Status of CP- Violation in b ^ sqq Penguin Processes 

One of the promising ways to probe additional CP-violating phases from new physics beyond the 
Standard Model is to measure the time-dependent CP-asymmetry in penguin-dominated modes 
such as B^ — > 4>K^, B^ — > r] K'g, where heavy new particles may contribute inside the loop, and 
compare it with the asymmetry in B^ — > J/ijjK^ and related b — > ccs charmonium modes. Belle 
has measured CP- violation in P° -^ (j)K^, -q' K^, and K+R-R^ with 140 fb'^ [HI- 

The decay B^ — > 4>Rg, which is dominated by the b — > sss transition, is an especially 
unambiguous and sensitive probe of new CP-violating phases from physics beyond the Standard 
Model 122]. The Standard Model predicts that measurements of CP- violation in this mode 
should yield sin2(/)i to a very good approximation J^HIIIZIIIHI- A significant deviation in the 
time-dependent CP-asymmetry in this mode from what is observed in 6 — > ccs decays would be 
evidence for a new CP-violating phase. 

The B — > (f'^s sample is shown in Figure ll.3f a'). The signal contains 68 it 11 events. 
Figure nr^ a-b) shows the raw asymmetries in two regions of the flavor-tagging parameter r. 

The observed CP-asymmetry for B^ -^ 'P^s ^^ ^^^ region 0.5 < r < 1.0 (Figure ll. 41 fb)) 
indicates a deviation from the Standard Model expectation (dashed curve). Note that these 
projections onto the At axis do not take into account event-by-event information (such as the 
signal fraction, the wrong tag fraction and the vertex resolution) that is used in the unbinned 
maximum likelihood fit. The contamination oi R~^ R~ R^ events in the (j)^s sample (7.2 it 1.7%) 
is small; backgrounds from the decay B^ — > fQ{980)Rg, which has the opposite CP-eigenvalue 
to (pRg, are found to be small {1.6~!ii[K,%). The influence of these backgrounds is treated as a 
source of systematic uncertainty. 

The likelihood fit gives 

sin 20ieff (P ^ 0Kg) = -0.96 ± 0.5+H?. (1.4) 

The likelihood function is parabolic and well-behaved. An evaluation of the significance of 
the result using the Feldman-Cousins method and allowing for systematic uncertainties shows 
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that this result deviates by 3.5cr from the Standard Model expectation ^21,. BaBar has ana- 
lyzed a sample with an integrated luminosity of 110 fb~^, containing 70 ± 9 events, and obtain 
sin2(/)ieff(-B -^ (pK'^) = 0.45 ± 0.43 ± 0.07 PH]- This result differs from the Belle result by 2.1a 
and the naive average, —0.14 it 0.33, is still away from the sin2(;/)i world average by 2.6a. 

The decay mode B -^ K~^K~Kg, where K^K~ combinations consistent with the 4) have 
been removed, is found to be dominantly CP-even 30] and, thus, can be treated as a CP- 
eigenstate and used for studies of time-dependent CP-violation in 6 ^ sqq processes. The 
beam constrained mass distribution for the B — > K^ K~ K^ sample used by Belle is shown in 
Figure [T3r b') . where there are 199 it 18 signal events. The result is 

sm2(t)i^s{B ^ K+ R- K^s) = 0.51 ± 0.26 ibO.OStaoo^ (1-5) 



where the third error is due to the uncertainty in the CP content of this final state ^^ . The 
results for B — > K^ K~ K^ are also consistent with b — > ccs decays. However, in this decay there 
is also the possibility of "tree-pollution" , i.e. the contribution of a 6 — > uus tree amplitude that 
may complicate the interpretation of the results j28j . 

The mode B — > i]'K^ is expected to include contributions from b — > suu and h -^ sdd 
penguin processes. The beam constrained mass distribution for the B -^ i]'Kg sample shown in 
Figure IT^T c) contains 244 it 21 signal events ^J. The fit gives (Figure Elte,f)) 

sin 20ieff (P -^ Tl'K^s) = 0.43 ± 0.27 ± 0.05. (1.6) 

The average with the BaBar result (0.02 ± 0.34 ± 0.03 with 82 fb-^) [SI] is about 2.2cr from the 
b — > CCS measurement, which is the Standard Model expectation. 

1.2.3 Radiative B decays 

Exclusive B -^ K*j 

Measurement of the B — > K*'y exclusive branching fraction is straightforward, since one can use 
Mbc, AE and K* mass constraints. {K* denotes K*{892) throughout this section.) The latest 
Belle branching fraction measurements (Figure II. 5() use 78 fb^ of data, and have a total error 
that is much less than 10% for both B^ and B'^ decays. The results from CLEO |33], BaBar [S^ 
and Belle [SS] are in good agreement and are listed in Table [T7I\ The world averages are 

(1.7) 
(1.8) 

The corresponding theoretical branching fraction is about (7 it 2) x 10~^, higher than the mea- 
surement but with a large uncertainty [SHIEI- A computation based on PQCD has been just 
completed pS] : 

(1.9) 
(1.10) 

where the errors quoted come from a parameter in the B meson wave function ujb. The difference 
in the value of the computed branching ratio compared to the previous computation comes from 
the fact that PQCD computation of the B — > K* transition form factor is smaller than those of 
light-cone QCD sum rule and the lattice QCD simulation. 

A better approach to exploit the B — > K*j branching fraction measurements is to consider 
isospin asymmetry |39j . A small difference in the branching fractions between B^ — > K*^^ and 
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Figure 1.5: B -^ K*j signals from Belle. 
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B^ -^ K*^^ tells us the sign of the combination of the Wilson coefficients, Cq/Cj. Belle has 
taken into account correlated systematic errors and obtains 



A_ 



= 



{rB+/rBo)l3{B^ -^ K*^^) - B{B+ -^ K*+^) 



{■rB+/rBo)B{BO -^ K*^l) + B{B- 
= (±0.003 ±0.045 ±0.018), 

which is consistent with zero. PQCD gives j38j 



K*+'y) 



il.ll) 



A_ 



±0.059: 



-0.011 
-0.012 



(1.12) 



It is extreamly interesting to see if nealy 5the PQCD computation based on the standard model 
is varified. 

Here, the lifetime ratio t^+/t^o = 1.083 ± 0.017 is used, and the B^ to B^ production ratio 
is assumed to be unity. The latter is measured to be /o//+ = 1.072 ± 0.057 and is included in 
the systematic error. 

Other Exclusive Radiative Decays 

The dominant radiative decay channel B -^ K*j covers only 12.5% of the total B -^ Xgj 
branching fraction (world average (3.34 ±0.38) x 10~^). The remainder has to be accounted for 
by decays with higher resonances or multi-body decays. Knowledge of these decay modes will 
eventually be useful to reduce the systematic error for the inclusive measurement. 

Belle has extended the analysis into multi-body decay channels in addition to i? — > ivr|(1430)[— 
Ktt]^ decay HO]- Using 29 fb~"^ of data, the decay B^ —>■ K~^7r~^7r~j is measured to have a 
branching fraction of (24 ± 5 12) ^ 10^^ for M{K-kit) < 2.4 GeV. The decay is dominated by 
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Figure 1.6: B+ -^ K*°7r+7 and B -^ K+p^-f from Belle. 
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Figure 1.7: B^ — > K(j)j from Belle. 



K*^7:'^'y and K~^p^^ final states that overlap each other as shown in Figure [L6l At this moment, 
it is not possible to disentangle the resonant states that decay into K*Tr or Kp, such as i^i(1270), 
iCi(1400), -fC*(1650), and so on. A clear B^ — > K^cfy^y (5.5<t) signal was recently observed by 
Belle with 90 fb~ of data (Figure ll.7|) . together with 3.3(T evidence for B^ — > K^<j)-). There 
is no known Kef) resonant state. This is the first example of a sss^ final state. The branching 
fractions for B -^ K(j)^ are measured to be j41j 



B{B+ - 
B{B^ 



K+(P-f) = (3.4 ± 0.9 ± 0.4) X 10"^ 

. K^(j)j) = (4.6 ± 2.4 ± 0.4) X 10-6 

< 8.3 X 10-6 (90% CL). 



(1.13) 



With more data, one can perform a time-dependent CP-asymmetry measurement with the 
Kgcp'f decay channel. 

At present, (35 ±6)% of the total B -^ Xsj rate is measured to be either B -^ K*'y (12.5%), 
B -^ 7^:1(1430)7 (4% after excluding Kinrj), B -^ K*7:j (9%), B -^ Kp-f (9%) or B ^ iC(^7 
(1%). The remaining (65 it 6)% may be accounted for by decays with multi-body final states, 
baryonic decays, modes with r] and r/', multi-kaon final states other than Kcj)^ or in the large 
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Figure 1.8: -B-tagged (top-left), i?-tagged (top-right) B -^ Xgj signals from Belle. 

Xg mass range. 

Search for Direct CP- Asymmetry 

In the Standard Model, the direct CP-asymmetry in S — > Xg^ is predicted to be 0.6% with a 
small error j421l43j . A large CP-asymmetry would be a clear sign of new physics. 

An Acp{B -^ Xg'j) measurement was performed by Belle |11], by summing up the exclusive 
modes of one kaon plus up to four pions and modes with three kaon plus up to one pion. 
This result eliminates B -^ X^^ by exploiting particle identification devices for the tagged 
hadronic recoil system. M{Xs) < 2.1 GeV is required, which roughly corresponds to £)™™ ~ 
2.25 GeV. Events are self-tagged as B candidates {B^ or B^) or B candidates {B^ or B^), 
except for ambiguous modes with a Kg and zero net charge. In order to correct the imperfect 
knowledge of the hadronic final state, the signal yields for each exclusive mode are used to 
correct the Monte Carlo multiplicity distribution. The resulting P-tagged (342ib231]^4 events), 
P-tagged (349ib23l]^4 events) signals are shown in Figure [T!H1 Using the wrong-tag fractions of 
0.019 lb 0.014 between B- and i?-tagged, 0.240 ± 0.192 from ambiguous to B- or P-tagged, and 
0.0075 lb 0.0079 from B- or P-tagged to ambiguous samples, the asymmetry is measured to be 



Acp{B -^ Xs-f) = 0.004 lb 0.051 ib 0.038. (1.14) 

The result corresponds to a 90% confidence level limit of —0.107 < Acp{B -^ Xgj) < 0.099, 
and therefore already constrains part of the new physics parameter space. 

For exclusive radiative decays, it is straightforward to extend the analysis to search for a 
direct CP-asymmetry |33!'J34U3,^ . Particle identification devices at Belle and BaBar resolve the 
possible ambiguity between K*^ -^ K~^7r~ and K*^ — > K~Tr~^ to an almost negligible level with 
a reliable estimation of the wrong-tag fraction (0.9% for Belle). The results of the asymmetry 
measurements are listed in Table [T31 whose average is 



AcpiB -^ K*-f) = (-0.5 lb 3.7) x 10 



-2 



(1.15) 



It is usually thought that large CP-violation in P — > K*^ is not allowed in the Standard Model 
and the above result may be used to constrain new physics. However, since the involved strong 
phase difference may not be reliably calculated for exclusive decays, the interpretation may be 
model dependent. 



14 



Table 1.3: B — > K*'y direct CP-asymmetry 
CLEO (9.1 fb"^) (8 ± 13 ± 3) X 10"^ 

BaBar (20.7 fb"^) (-4.4 ± 7.6 ± 1.2) x 10"^ 

Belle (78 fb~^) (-0.1 ± 4.4 ± 0.8) x 10"^ 



Table 1.4: 90% confidence level upper limits on the -B — ^ p7 and ivy branching fractions. 





/j+7 


P"J 


UJJ 


CLEO (9.1 fb-^) 


13 X 10-6 


17 X 10-6 


9.2 X 10-6 


Belle (78 fb"^) 


2.7 X 10-6 


2.6 X 10-6 


4.4 X 10-6 


BaBar (78 fh~^) 


2.1 X 10-6 


1.2 X 10-6 


1.0 X 10-6 



Search for b ^ d'y Final States 

There are various interesting aspects to the b ^ dj transition. Within the Standard Model, 
most of the diagrams are the same as those for b ^ s^, except for the replacement of the CKM 
matrix element Vts with Vtd- A measurement of the b ^ dj process will therefore provide the 
ratio I Vjd/Vfsl without large model-dependent uncertainties. This mode is also one where a large 
direct CP-asymmetry is predicted both within and beyond the Standard Model. 

The search for the exclusive decay B ^ pj is as straightforward as the measurement of 
B — > K*j, except for its small branching fraction, the enormous combinatorial background 
from copious p mesons and random pions, and the huge B — > K*j background that overlaps 
with the B ^ p^ signal window. B — > lo^ is not affected hy B ^ K*j background, but 
is still unobserved. The upper limits obtained by BaBar ^^, Belle |46j and CLEO [HHI are 
summarized in Table [T711 The upper limits are still about twice as large as the Standard Model 
predictions |36ll37j (9.0 ± 3.4) x 10-"^ for p+'y, and (4.9 ± 1.8) x 10-^ for p"-f and co-f. 

From these upper limits the bound iVt^/Vf^l < 0.34 can be obtained, which is still weaker 
than the corresponding bound derived from Ams/Amd- 

1.2 A Electroweak Rare B Decays 

Observation of 5 ^ K*£+i- 

The first signal for B -^ Ki^i~ was observed by Belle |18j using 29 fb" of data and later 
confirmed by BaBar [ITji & B ^ K*i^£~ signal, whose branching fraction is expected to be 
larger, was not significant in those data samples. 

The B -^ K^*k+£- signal is identified using Mbc, AE (and M{KTr) for K*i+i-). Belle 
updated the analysis using a 140 fb- data sample, and with a number of improvements in 
the analysis procedure ^H]- The most significant improvement was a lower minimum lepton 
momentum of 0.7 (0.4) GeV for muons (electrons) from 1.0 (0.5) GeV that gained 12% (7%) 
in the total efficiency. In addition, a K*i^i~ combinations are removed if there can be an 
unobserved photon along with one of the leptons that can form a B ^ J/ipK -^ I'^i^jK decay. 
As a result, the first B -^ K*i~^i~ signal was observed with a statistical significance of 5.7a 
from a fit to Mbc as shown in Figure EH in addition, an improved B — > Ki~^£~ signal, with a 
significance of 7Aa, was obtained. 

The obtained branching fractions are summarized in Table 11.51 together with the BaBar 
results HE]. For the combined B -^ K*£+r results, B{B -^ K*i+r) = B{B -^ K* p+ p-) = 

15 
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Figure 1.9: The B -^ K^*>£^£ signal observed by Belle. 
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Table 1.5: B -^ K^*H~^i. branching fractions. 



Mode 



Belle (140 fb" 
[xlO-^1 



BaBar (113 fb"^; 
[x 10-^1 



B - 


-> Ke^e~ 
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Figure 1.10: q^ distributions for B -^ K^*'£^i^ from Belle. 

0.75I3{B — > K*e^e~') is assumed which compensates for the enhancement at the q^ = pole, 
which is more significant for K*e~^e~, using the expected Standard Model ratio |49j . The 
measured branching fractions are in agreement with the Standard Model, for example |491l50j 
(3.5 ± 1.2) X lO"'^ for B -^ Ki+i' and (11.9 ± 3.9) x 10"^ for B -^ KH+l'. We note that the 
experimental errors are already much smaller than both the uncertainties in the theoretical pre- 
dictions of the Standard Model and the variations due to different model-dependent assumptions 
used to account for the hadronic uncertainties [ ^ IH ^IH!S|I54| IHK] . 

It is still too early to fit the q'^ distribution to constrain new physics. First attempts by 
Belle to extract the q'^ distribution using the Mbc signal yields in individual q'^ bins are shown 
in Figure [TTUl 

Measurement of B —>^ Xsi~^£~ 

The first measurements of the B -^ K^*'£~^i~ branching fractions are consistent with the Stan- 
dard Model predictions. However since these predictions have uncertainties that are already 
larger than the measurement errors, the inclusive rate for B — > Xsi~^i~ becomes more impor- 
tant in terms of the search for a deviation from the Standard Model. In contrast to B ^ Xs'j, 
the lepton pair alone does not provide a sufficient constraint to suppress the largest background 
from semi-leptonic decays. Therefore, at least for now, it is only possible to use the semi-inclusive 
method to sum up the exclusive modes for now. 

Belle has successfully measured the inclusive B -^ Xgi^i^ branching fraction [20] with a 
60 fb~ data sample by applying a method that reconstructs the Xs final state with one kaon 



17 



Table 1.6: B ^ X. 



branching fractions. 



Mode 


Belle (60 fb"^) 
[xlO-6] 


BaBar (78 fb"^) 
[xlO-6] 


X,e+e- 

Xsfl'^fJ," 

Xsi+i- 


5.0±2.3+t;f 
7.9 ±2.1+?:^ 
6.1±lAt\i 


6.6±1.9+t;^ 

5.7±2.8t{J 
6.3±1.6t\i 



(K^ or K^) and up to four pions, of which one pion is allowed to be a vr". Assuming the K^ 
contribution is the same as the Kg, this set of final states covers 82 it 2% of the signal. In 
addition, M{Xs) is required to be below 2.1 GeV in order to reduce backgrounds. For leptons, 
a minimum momentum of 0.5 GeV for electrons, 1.0 GeV for muons and M{i^i~) > 0.2 GeV 
are required. Background sources and the suppression techniques are similar to those for the 
exclusive decays. The signal of 60 it 14 events from Belle with a statistical significance of 5.4 is 
shown in Figure 11.111 Corresponding branching fractions are given in Table II. 6( together with 
the BaBar results 56j. The branching fraction results are for the dilepton mass range above 
M{£'^£~) > 0.2 GeV/c^ and are interpolated in the J/ip and ^' regions that are removed from 
the analysis, assuming no interference with these charmonium states. 
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M^^ (GeV/c') 



Figure 1.11: B -^ Xsl~^l signal measured by Belle. The X^e^/x sample, which is prohibited 
in the Standard Model, represents the combinatorial backgrounds. 

The results may be compared with the Standard Model prediction ^^j of (4.2 it 0.7) x 10~^ 
integrated over the same dilepton mass range of M(i~^i~) > 0.2 GeV/c^. With this requirement, 
the effect of the q^ = pole becomes insignificant, giving almost equal branching fractions for 
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Figure 1.12: M{e^i-) (left) and M{Xs) (right) distributions for B -^ Xsi~^£' from Belle (points 
with error bars), compared with the Standard Model predictions before (top) and after (bottom) 
including detector acceptance effects. 

the electron and muon modes. The measured branching fractions are in agreement with the 
Standard Model, considering the large error in the measurement. It should be noted that the 
large systematic error is dominated by the uncertainty in the M{Xs) distribution, in particular 
the fraction of i3 — > K^*'£~^i~, which will be reduced with more statistics. Distributions for 
M{Xs) and M{i^i^) are shown in Figure I1.12[ in which no significant deviation from the 
Standard Model is observed. 

1.2.5 Prospects 

With a data sample of ~ 500 fb^^, the statistical errors will be reduced to about a half of 
the present errors. The value of sin2i;Ai will be measured with an accuracy less than 5% using 
b — > CCS processes. Though uncertainties will be large, (j)2 and 03 will also be measured. Together 
with some improvement in \Vcb\ and \Vui,\ measurements, the KM scheme for CP-violation will 
be further confirmed. Direct CP-violation will be observed in several decay modes, which also 
strongly supports the KM scheme. 

We expect to obtain results for observables that are sensitive to new physics but have not 
been measured yet, such as the forward-backward asymmetry of lepton-pairs in P ^ K^*'£~^£~ , 
time-dependent CP-violation of radiative decays, etc. If the effect of new physics is large, it 
may be seen; for example, the current indication of the CP-violation in B^ — > 4>Kg decays if 
its central value remains as currently measured. However, the confirmation of any new physics 
effect and the understanding its nature will require much larger data samples, which will be the 
primary goal of the proposed SuperKEKB and upgraded Belle detector. 
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Chapter 2 

Flavor Structure of the Standard 
Model 

2.1 Flavor Structure of the Standard Model 

In the Standard Model of elementary particles there are three generations of leptons and quarks 

(2.1) 

(2.2) 

and their interactions are described by a gauge field theory with the gauge group SU{3)c x 
SU{2)i X C/(l)y. The group SU{3) denotes Quantum Chromodynamics (QCD), which gov- 
erns the strong interaction among quarks. The transformation property under the electroweak 
gauge group SU{2)l x U{1)y differs for the left and right chiralities of fermions. The right- 
handed components of the leptons and quarks are singlets under the weak SU{2)l, and the 
weak hypercharge Y is 0, —1, 2/3, —1/3 for neutrinos, leptons, up-type quarks and down-type 
quarks, respectively. The left-handed components of leptons transform as doublets under the 
weak SU{2)l while the weak doublets of quarks differ slightly from 1)2. 2|) and are given by 

(2.3) 

The weak eigenstates {d',s',b') are a linear combination of the mass eigenstates {d,s,b), 
being related by a 3 x 3 unitary matrix, referred to as the Cabibbo-Kobayashi-Maskawa (CKM) 
matrix VcKM [HHI2J; as follows 





d' 



( d 



VcKM 
b' 




s \ = \ Vcd Vcs Kfe I s \. (2.4) 

The charged current interactions of quarks mediated by the W boson are described by an 
interaction Lagrangian 

■ d' 
^CC ^ _^f « c O.7M s' I Wt + h.c. 



^\- - )l' \l, \ -^ 
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= -^{u c t)^7^VcKM s I Wl + h.c, (2.5) 

where W^ denotes the W boson, and §2 is the gauge coupHng corresponding to the gauge group 
SU{2)l. In the low energy effective Hamiltonian it appears as the Fermi constant Gp/\'2 = 
32 /8M^. Due to the misalignment between the up- type and down- type quark fields, the charged 
current induces transitions among different generations. 

In contrast, the neutral current is flavor-conserving, which is ensured by the unitarity of 
the CKM matrix, and, thus. Flavor Changing Neutral Currents (FCNC) are absent at the tree 
level in the Standard Model. This is the Glashow-Iliopoulos-Maiani (GIM) mechanism 'T\. Even 
including loop corrections, the FCNC interaction vanishes in the limit of degenerate (up-type) 
quark masses, due to the unitarity of the CKM matrix. 

The CKM matrix is a unitary N x N matrix with A^(= 3) number of generations, and thus 
contains A^^ parameters in general. However, 2N — 1 phases may be absorbed by rephasing 
the 2N quark fields (one overall phase is related to the total baryon number conservation and 
is irrelevant for the quark mixing), and {N — 1)^ independent parameters remain. Of these, 
^{N — 1)N are real parameters, which correspond to rotation angles among different generations, 
while 2(-^ ~ 2)(A^ — 1) are imaginary parameters, which are sources of CP-violation. In the 
three-generation Standard Model, there are 3 mixing angles and 1 CP-phase. 

The standard parametrization of the CKM matrix is the following: [SH] 

C12C13 S12C13 siae""^ 

VcKM = I -S12C23 - Cl2S23Sl3e*'' C12C23 - 5125235136*'' S23C13 | , (2.6) 

512523 - Cl2C235l3e*'' -523C12 " 5120235136*'^ C23C13 

where Cij = cos 9ij and Sij = sin 6ij with 6ij {ij = 12, 13 and 23) the mixing angles, and 6 is the 
complex phase. It is known experimentally that the angles are small and exhibit the hierarchy 
1 S> 5i2 3> 523 ^ 5i3. To make this structure manifest, the Wolfenstein parametrization [^Hl is 
often used, in which one sets A = \Vus\ — 0.22 and 

1-AV2 A A\^{p-iri) 

^CKM =1 -A 1 - AV2 A\^ I + O(A^), (2.7) 

with j4, p and rj being real parameters of order unity. In this parametrization the source of 
CP-violation is carried by the most off-diagonal elements V^t and Vtd- 

Among these four parameters, A and A are relatively well known from corresponding semi- 
leptonic decays: |Ks| = 0.2196 ± 0.0026 from Ki^ decays and \Vch\ = (41.2 ± 2.0) x lO'^ from 
inclusive and exclusive h — > clvi decays [HHI • The determination of the other two parameters p 
and rj is conveniently depicted as a contour in the plane of (p, Vj). It corresponds to the unitarity 
relation of the CKM matrix applied to the first and third columns 

VudV:, + V,dV:, + VuVl = 0. (2.8) 

This relation may be presented in the complex plane as in Fig. 12.11 (a), which is called the 
"unitarity triangle". Since VcdYch ^^ ^^^^ ^° ^ good approximation (up to 0(A^)), it is convenient 
to normalize the triangle by jV^dV^'f,! = A}? so that the apex has the coordinate (p, f?) where 

P = p(1-AV2), 7? = r?(l-AV2), (2.9) 
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Figure 2.1: Unitarity triangle 

(Fig. 12.11 (b)). The three angles of the unitarity triangle represent the complex phase of the 
combinations 



arg 



vtdv:. 



arg 



^udVub 



cf)3 = arg 



VcdV;, 



(2.10) 



The notation a = (j)2, P = (pi, ^ = (p3 is also used in the literature. 

The present constraints on the parameter (p, r}) are summarized in Fig. 12.21 which is taken 
from the CKM fitter group (http://ckmfitter.in2p3.fr/). Details of the input parameters are 
discussed, for instance, in [^. Prospects with SuperKEKB will be discussed in the following 
sections. 



2.2 Low Energy Effective Hamiltonians 

In B decays the exchange of a VF boson and virtual loops involving the top quark are effectively 
point-like interactions, since the relevant length scale of -B meson decays is at least 0{l/mi,) while 
the W exchange takes place at a short distance scale 0{1/Mw). It is theoretically inefficient to 
calculate the physical amplitudes using the entire W and top quark propagators, and one may 
instead introduce a low energy effective Hamiltonian. This framework is based on the Operator 
Product Expansion (OPE) |HJ, which allows one to separate the long distance physics from the 
short distance interactions, occurring at a length scale of l/M^y, up to the corrections of order 
rrib/Mw, which can be safely neglected in many cases. 

For instance, B^ — B mixing occurs through the box diagrams shown in Fig. 12.31 The 
interaction can be described in terms of the AB = 2 effective Hamiltonian 
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(2.11) 
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Figure 2.2: A fit of the parameters {p, rj) using several experimental constraints as of Lepton- 
Photon 2003. The plot is taken from the CKM fitter page http://ckmfitter.in2p3.fr/. 
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Figure 2.3: Box diagrams to produce the AB = 2 four-quark operator 



where the AB = 2 effective four-quark operator is 

g^^=2 = d7^(i _ 75)6d7^(l - 75)6. 



(2.12) 



The operator is defined at the renormalization scale //^ and the corresponding Wilson coef- 
ficient C "^{fib) is calculated using the renormalization group technique as C '^{jih) = 
[us (/Ub)]^^'^^ to leading order. The function SQ{m1/My^) is called the Inami-Lim function [HU 
and represents the loop effect through the box diagrams. 

The AB = 1 transitions are described by the following effective Hamiltonian 



7if/=i = ^ycKMEC.(M6)0i(Mfe) +h.c., 



(2.13) 



where Vckm is the corresponding CKM matrix element. The operators Oj(/ifc) defined at the 
scale /ib are listed below, and the couplings Ci{fj.b) are the Wilson coefficients. 

The effective operators representing the tree-level W exchange diagram depicted in Fig. 12.41 
are 



Of = d%(l- 75)^7^/7^(1 -75)6", q = u,c, 
01 = d%(l-75)9"/7/.(l-75)&'', q = u,c. 



(2.14) 
(2.15) 
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Figure 2.4: Tree- type W boson exchange diagram. 
b d b d 





Figure 2.5: Penguin diagrams. The fermion hne on the bottom are quarks for the gluon penguin 
diagram (left), while either quarks or leptons can be involved in the electro- weak penguin (right). 

Here the superscripts a and /3 specify the color contraction. There is another set of operators 
obtained by replacing dhj s. 

Many important FCNC decays occur through the so-called penguin diagrams. Some exam- 
ples are shown in Fig. 12.51 

The gluon penguin diagram (Fig. 12.51 (left)) produces the following operators 



03 = E Am(1-75)?'"/7/.(1-75)/, 

q=u,d,s,c 

04 = E ^"7a«(1-75)&^/7,.(1-75)'?", 

q=u,d,s,c 

05 = E ^"7m(1-75)&"9^7/.(1 + 75)/, 

q=u,d,s,c 

06 = E ^"7m(1-75)&''/7m(1+75)9". 

q=u,d,s,c 



(2.16) 
(2.17) 
(2.18) 
(2.19) 



There are also diagrams in which the gluon or photon is not attached to the fermion line and 
directly appears in the final state. Such diagrams produce 



O7-, 



e 

9 

87r2 



mtda>^''{l+^5)Gl,T%, 



(2.20) 
(2.21) 



where F^^^, and G^j^ are electromagnetic and QCD field strength tensors, respectively. These 
operators are responsible for the 6 — > ^7 and b ^ dg transitions. The operators relevant to the 
b ^ s'j and b ^> sg transitions are obtained by replacing d by s in (|2.2U|) and 1)2.21(1 . 

The electroweak penguin diagram (Fig. 12.51 (right)) gives a higher order contribution in 
the electromagnetic coupling constant a and is thus very small in general. However, since it 
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may become a source of isospin symmetry breaking, in some cases it could be relevant. The 
corresponding operators are 

O7 = \ Y. e,d"7^(l-75)^'"/7/.(l+75)/, (2.22) 

q=u,d,s,c 

Os = I Y. egd%(l-75)6''/7M(l+75)9°, (2.23) 

q=u,d,s,c 

O9 = \ Y. 6,^7^(1 -75)6"/7/.(l- 75)/, (2.24) 

q=u,d,s,c 

Oio = \ Y 6,^7^(1-75)6/5^/57^(1-75)5". (2.25) 

q=u,d,s,c 

Cq is the electromagnetic charge of quarks; 2/3 for up-type quarks and —1/3 for down-type 
quarks. When the fermion line in the bottom of Fig. 12.51 fright) is a lepton (e, /i or r), we obtain 

e^ - 
Ow = Y^d7/.(l-75)6/7M^ (2.26) 

e2 - 
OioA = Y^d7/.(l-75)6/7M75/- (2.27) 

They give rise to the b -^ d{s)l^l^ transitions. 

The Wilson coefficients in Ea. ()2.13p are calculated using a perturbation theory to next-to- 
leading order (NLO) [ESllMlESllEi • 

2.3 B -B Mixing 

Neutral B meson mixing is one of the most important FCNC processes in B physics. In the 
Standard Model it involves the CKM matrix element Vtd and thus gives a CP-violating am- 
plitude, which induces a variety of CP-violating observables through its quantum mechanical 
interference with other amplitudes. 

A B^ meson produced as an initial state may evolve into its antiparticle B through the 
interaction given by the AB = 2 effective Hamiltonian (|2.11|) . In quantum mechanics the state 
\B^(t)) at time t is a superposition of two states \B^) and \B ). The time evolution is described 
by a Shrodinger equation 

i±\Bit))=^M-i^yB{t)), (2.28) 

where the two-by-two Hermitian matrices M and T denote mass and decay matrices, respectively. 
The diagonal parts are constrained from CPT invariance Mn = M22 and Fn = F22, and the off- 
diagonal parts M12 (M21) and F12/2 (F21/2) are dispersive and absorptive parts of the /S.B = 2 
transition. The eigenstates of the matrix M — iF/2 are given by 



\Bi) = p|S°)+g|S'), (2.29) 

\B2) = p\B^)- 

and their coefficients p and q are obtained by solving 



B2) = p|5°)-g|i3°), (2.30) 



~P - +V M12 - zFi2/2 ^'-''^ 
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together with the normahzation condition |pp + \q\^ = 1. The eigenvalues Mi^2 — '1^1,2/'^ are 
related to observables as follows: the B meson mass M = (Mi + M2)/2, the B meson width 
r = (Fi + r2)/2, the B^ — B mixing frequency AM = M2 — Mi, and the width difference 

Ar = Ti - r2. 

In the B meson system there is a relation AF ^ AM, which follows from ri2 ^ M12. We 
may then approximately obtain 



and 
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The angle C is the CP violating phase difference between M12 and T 
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(2.32) 
(2.33) 

(2.34) 
(2.35) 



The time evolution of the state \B") and \B ) produced at time t = is then given by 



\B^{t)) = 5+(t)|i?°) + V(t)|i? 

P 

\B'it)) = g+{t)\B') + Pg^{t)\B' 



(2.36) 
(2.37) 



with 



g+{t) 
a -it) 



-iMt-rt/2 



^-iMt-Tt/2 
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+ I cosh sm 



2 

AMt 



(2.38) 
(2.39) 



As the initial B^ (or B ) state evolves, it oscillates between B^ and B states with the frequency 
AM. The O-P-violating phase arises in the mixing parameter q/p, which carries the phase of 
Afi2 as shown in (12.341) . 



2.4 Time-dependent Asymmetries 

One of the key observables at an asymmetric B factory is the time-dependent asymmetry between 
B^ and B decays. 

Let us consider a decay of the B meson to a final state /. The decay rate r(i?''(t) — > /) is 
time dependent, since the decaying state is a time-dependent superposition of \B^) and \B ), 
as discussed in the previous section. We write the decay amplitude of flavor eigenstates as 



Af = {f\B^) and Aj = {f\B ), and define a parameter 

^ pAf' 



(2.40) 
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If the final state is a CP-eigenstate CP\f) = £,f\f) with an eigenvalue ^f = ±1, then the time 
dependent asymmetry 

r(#(t)^/)-r(B°(t)^/) 

af{t) = — =7^ (2-41) 

becomes 

af{t) = Af cos(AMi) + Sj sin(AMt), (2.42) 

neglecting the small width difference of the B meson. Here, the direct and indirect (or mixing- 
induced) CP asymmetries are written as 

A, = M^. (2.43) 



Since the absolute value of q/p is approximately 1, direct CP- violation \Af\ ^ requires 
\Af\ 7^ l^/l, which could happen if Af is a sum of (more than one) decay amplitudes having 
different CP-phases. Indirect CP-violation, on the other hand, proves the quantum mechanical 
interference between the mixing and decay amplitudes. 

2.4.1 Measurement of sin 201 

The mixing-induced asymmetry provides a variety of methods to measure the angles of the 
Unitarity Triangle (Fig. 12.11) . It was first proposed by Bigi, Carter, and Sanda in 1980-1981 
J67II68II69J , and gave strong motivation to construct the present KEK B Factory. The best known 
example is the case where the final state is J/t/^K^, whose quark level process is 6 — > ccs followed 
by the K^ — K mixing. In the case where the decay is dominated by a single amplitude, the 
ratio of decay amplitudes is given by 



■^J/iIjKI 




(2.45) 



where one minus sign appears the CP odd final state J /iIjK'q. Together with the phase in the 
mixing 

9 ^, ysxtd 



p Vibv:: 



(2.46) 



'td 



the entire ratio )^j/^k° becomes 



= _ , Y^\ Ys^\ f VcsV:, \ _ __2.0, 
J/^^'s [vt,v;J \v:,v,J Wciv^d, 



A.Mi.0 = - KfT^ K^^ i^^ = -e-^'"'^. (2.47) 



Thus, one can precisely measure the angle (pi from the time-dependent asymmetry 

oj/v-i^o (t) = sin(20i) sin AMt. (2.48) 

There exists an additional decay amplitude through the penguin diagram h -^ sec, which involves 
the CKM factor VtsV*^. Using the unitarity of the CKM matrix VtsV^l = -VcsV*^^ - Ks^l,' ^^e 
weak phase of the penguin contribution is the same as that of the tree amplitude VcsV*^^ up to 
a doubly Cabibbo-suppressed correction. Therefore, the relation (|2.48j) holds to an excellent 

27 



approximation (~ 1%), and the mode J/tpK^ is called the "gold-plated" mode. The precision 
expected at SuperKEKB is discussed in Section H^ 

There are other decay modes which develop the same weak phase. Namely, the penguin 
decays b — > sss are accompanied by the CKM factor VtsV^l just as the penguin contribution to 
b -^ sec. Since there is no direct tree diagram for b -^ sss, measurement of the same angle sin 2(f)i 
through its time dependent asymmetry can be a probe of any new physics phase in the penguin 
loop process |26| . At the hadron level, the corresponding modes are -B^ — > (pKg and B^ — > rj'K^. 
These asymmetries have already been measured as described in Section 11.21 and the expected 
sensitivity at SuperKEKB is studied in Section [4.21 Possible contaminations from the tree-level 
process b — > uus with a rescattering of uu to s's may distort the measurement. However, these 
contributions are expected to be small (O(A^) ~ 5%) [27j, and a model independent bound 
can be obtained using 5'f7(3) relations provided that the related modes are observed at higher 
luminosity B factories |2^. 

2.4.2 Measurement of 02 

If a decay can occur through more than one amplitude with different weak phases, the analysis 

is more involved. As an example, we consider B^ -^ vr^vr", whose decay amplitude can be 

parametrized as 

^(^0 ^ ^+^-) ^ j.^^ ^ p^^_ (2.49) 

The first term represents an amplitude for the tree level W exchange process b — > uud, which 
picks up the CKM matrix elements VudVubi while the second term is a penguin diagram contri- 
bution b — > duu containing the CKM factor VtdV^. If the penguin contribution can be neglected, 
the ratio A^+^- in H2.4U() reads as 

and the time-dependent asymmetry could be used to determine the angle (j)2- However, both 
amplitudes in (|2.49j) are the same order in A (~ A^), and the penguin contribution is not so 
suppressed compared to the tree level contribution; the ratio of amplitudes \P-wk/T-,^-k\ is roughly 
estimated to be around 0.3 from B -^ Kir decays assuming the flavor SU{3) symmetry. 

One solution to the problem is to consider isospin symmetry |70j. The B — > vrvr decay 
amplitudes are written as 

(2.51) 
(2.52) 
(2.53) 

Aq and A2 are amplitudes for isospin and 2 of two-pion final state, respectively. The tree 
diagram contributes to both Aq and A2, while the penguin diagram produces only isospin 0. 
Then, one obtains a relation 

^(S° ^ vr+vr-) + V2A{B° -^ 7r°7r°) = V2A{B+ -^ tt+tt°). (2.54) 

and its CP conjugate 

A{B^ -^ vr+vr-) + V2A(B° -^ 7r°7r°) = V2A{B- -^ tt~tt^). (2.55) 
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By measuring the branching ratios of the three decay modes and the time dependent asymmetry 
of TT+vr", one can determine the absolute values |^o| and |^2| and their relative phase difference 
arg(^o^2)! through a simple geometric reconstruction. This determines the angle (j)2 up to a 
four-fold ambiguity. 

Another solution is to consider the isospin relations among B ^ pn decays [Z^. There are 
three possible decay chains B^ -^ {p^-K~ , p^ir^, p^ir'^} -^ tt^tt^tt^. Together with their CP- 
conjugate amplitudes, there exist six different amplitudes, each of which has contributions from 
both tree and penguin diagrams. By combining the time-dependent asymmetry of this process 
in the Dalitz plot one may extract the pure tree amplitude, and thus the angle (/)2. 

If there is non-negligible contribution from the electroweak penguin diagram, the isospin re- 
lations are violated, since up and down quarks have different charges |72| . However, such a contri- 
bution is suppressed compared to the gluon penguin by a factor a[weak("it Z™-!)]/'-'^* ln(m,^/m,^)] ~ 
0.1 [73]. At SuperKEKB, the actual size of the electroweak penguin amplitude can be estimated 
from the analysis of Ktt decays [13111111131131111 • 

The prospects of measuring the angle (j)2 at SuperKEKB using these methods are discussed 
in Section E3 

2.5 Theoretical Methods 

In order to extract fundamental parameters, such as the quark masses and CKM matrix elements, 
from B decay experiments, one needs model independent calculations of the decay amplitudes. 
However, since B meson decays involve complicated QCD interactions, which are highly non- 
perturbative in general, the theoretical calculation of physical amplitudes is a non-trivial task. 

2.5.1 Heavy Quark Symmetry 

One useful theoretical method for avoiding hadronic uncertainties is to use symmetries. Using 
isospin or SU{3) flavor symmetries, different decay amplitudes can be related to each other. 
This approach is widely used in B decay analyses, e.g. the isospin analysis of vrvr decays to 
extract sin 2(j)2 discussed in Section 12.4.21 

Another symmetry which is especially important in B physics is the heavy quark symmetry 
|78|l79j. In the limit of an infinitely heavy quark mass, the heavy quark behaves as a static 
color source and the QCD interaction cannot distinguish different flavors, i.e. charm or bottom. 
Consequently the decay amplitudes (or form factors) of b and c hadrons are related to each 
other (heavy quark flavor symmetry). Moreover, since the spin-dependent interaction decouples 
in the infinitely heavy quark mass limit, some form factors become redundant (heavy quark spin 
symmetry). The most famous example is the heavy-to-heavy semi-leptonic decay B — > D^*'tp£ 
form factors. In general there are 6 independent form factors for these exclusive decay modes, 
but in the heavy quark limit they reduce to one; the Isgur-Wise function, and its normalization 
in the zero-recoil limit are determined. 

A more general formalism has also been developed in the language of effective field theory, 
i.e. Heavy Quark Effective Theory (HQET) ^80j.81j.82j • It provides a systematic expansion in 
terms of Aqcd/^t-q- 
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2.5.2 Heavy Quark Expansion 

The inclusive decay rate oi a B meson to the final state X can be written as 

FiB - X) = -L-J2(27r)'6\pB -px)\{X\nfjj'^='\B)\^ (2.56) 

where the sum runs over all possible final states and momentum configurations. The effective 
Hamiltonian 'H^a^^ is proportional to cj^ PLbJ^f_iPLi'i when the b ^ c semileptonic decay is 
considered, or to u'j'^ PlUj^PlUi if we are interested in using the b ^ u semileptonic decay 
process to determine \Vub\- It could also describe non-leptonic decay by considering a four-quark 
operator C'j^PLbqj^Piq' ■ Using the optical theorem, Ea. (|2.56|) can be rewritten in terms of an 
absorptive part of a i? meson matrix element 

T{B ^ X) = — Im {B\T\B), (2.57) 

ruB 



T = il d'xT in%^=\x)n%^=\Q)] . (2.58) 



where the operator T is 

Since the momentum flowing into the final state quark propagator is large (~ ra^,), one can 
expand the time-ordered product of operators in terms of local operators, using the Operator 
Product Expansion (OPE) technique [HI]. It gives an expansion in terms of the inverse heavy 
quark mass and is called the Heavy Quark Expansion (HQE) |H^IH^I55ll86llS7] . 

The lowest dimensional operator is bb, whose matrix element is unity up to (AqcD/'^T-fe)^ 
corrections. The first non-trivial higher order correction appears at l/rn,^ with the chromomag- 
netic operator ba^yQsG^'^b. Therefore, at 0((Aqcd/''7^6)^) the heavy quark expansion can be 
expressed in terms of two non-perturbative parameters 

Ai = -^{B{v)\K{iDfK\B{v)), (2.59) 

ZruB 

3A2 = ^{B{v)\\h,a,,,G^'''K\B{v)), (2.60) 

ImB 2 

where the operators are defined with the HQET field hy and the B meson state is also defined in 
the heavy quark limit. A2 is known from the hyper-fine splitting of the B meson {B-B* splitting) 
to be A2 — 0.12 GeV^, while Ai has to be calculated using non-perturbative methods, such as 
QCD sum rules |HH1IH3' or lattice QCD jQTHrJTirMPin] . or to be fitted with experimental data of 
inclusive B decays (Mi. 95. 96.97. 1 



2.5.3 Perturbative Methods 

Model independent theoretical calculations of exclusive non-leptonic decay amplitudes are known 
to be very challenging, as they involve both soft and hard gluon exchanges and clear separation 
of the perturbative (hard) and non-perturbative (soft) parts is intractable. In the heavy quark 
limit, however, a formulation to realize such separation of short and long distance physics has 
recently been developed, ameliorating the perturbative calculation of decay amplitudes. 

The intuitive idea is the color transparency argument due to Bjorken [22] • An energetic 
light meson emitted from B decay resembles a color dipole, and its soft interaction with the 
remaining decay products is suppressed by Aqcd/'"^6- A systematic formulation of such an idea 
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is provided by QCD factorization |l()()|ll()llll()2j . In this formalism, the decay matrix elements 
of S — > TTTT can be factorized in the form 







+ / didudvTl\^,u,v)^B{i)^^{u)^Av), (2.61) 

JO 



for a four-quark operator Qi. The first term represents a factorization of the amplitude into 
the S — > vr form factor and an out-going pion wave function $7r(^) convoluted with the hard 
scattering kernel r/(ii). Here, the term "factorization" is used for two meanings: one is the fac- 
torization of the diagram to (7r|y|i?)(7r|^|0), while the other is the separation of hard, collinear 
and soft interactions. The kernel T/ (u) describes the hard interaction only and, thus, is calcu- 
lable using perturbation theory. The second term in Eg. (|2. 61(1 describes a factorization of the 
amplitude into three pieces: -B — > 0, ^ vr, and — > tt convoluted with a hard interaction kernel 
T/^{^,u,v). To make the factorization of collinear and soft degrees of freedom more explicit, 
an effective theory has also been developed, which is called the Soft Collinear Effective Theory 

(scET) [TnniiTniiiTiHiTnn] . 

The form factor f^^^{q'^) and the light-cone distribution function (or wave function) ^b{C) 
and $7r(u) contain long-distance dynamics, which has to be treated with non-perturbative meth- 
ods. 

Another method of factorization, Perturbative QCD (PQCD) |1U7II1U8II1U9II11UII111II112J . has 
also been proposed and is being used for the analysis of various B decay modes. It relies on the 
Sudakov suppression of the tail of the wave function, which smears the end-point singularity in 
the QCD-factorization calculation of the form factor. The form factor f {q^) then becomes 
factorizable, and the first term in Eg. 1)2. 61(1 can be rewritten into a formula similar to the second 
term. The input of the form factor is used to determine the wave functions. 

2.5.4 Lattice QCD 

Lattice QCD provides a method to calculate non-perturbative hadronic matrix elements from 
the first principles of QCD jll^-jj . It is a regularization of QCD on a four-dimensional hypercubic 
lattice, which enables numerical simulation on the computer. Since the calculation is numerically 
so demanding, one has to introduce several approximations in the calculation and these lead to 
systematic uncertainties. 

For more than a decade, lattice QCD has been applied to the calculation of matrix elements 
relevant to B physics. The best-known quantity is the B meson leptonic decay constant /b, 
for which the systematic uncertainty is now under control at the level of 10-15% accuracy. The 
important tools to achieve this goal are the following. 

• Effective theories for heavy quarks. Since the Compton wave-length of the h quark is 
shorter than the lattice spacing a, the discretization error is out of control with the usual 
lattice fermion action for relativistic particles. Instead, Heavy Quark Effective Theory 
(HQET) [HOI or Non-relativistic QCD (NRQCD) pTHlllSUliaj is formulated on the lattice 
and used to simulate the h quark. Another related effective theory is the so-called Fermilab 
action J117pil8j , which covers the entire (light to heavy) mass regime with the same lattice 
action. For the B meson, the next-to-leading (I/ttiq) order calculation provides ^ 5% 
accuracy J119j . 

• Effective theories to describe discretization errors. The discretization effect can be ex- 
pressed in terms of the Lagrangian language, i.e. Symanzik effective theory |12n|ll2l] . 
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Figure 2.6: Recent quenched lattice calculations of Jb- The figure is from jl26j . 



It also provides a method to eliminate the error by adding irrelevant operators to the 
lattice action. The 0{a) error existing in the Wilson fermion action can be removed by 
adding a dimension- five operator |122j. The cancellation of the 0{a) error can also be 
done non-perturbatively |123|I124] . so that the remaining discretization error is 0(0^) and 
not 0{a^a). 

• Renormalized perturbation theory. To relate the lattice operators to their continuum coun- 
terparts, one has to rely on perturbation theory. For a long time lattice perturbation 
had bad convergence behavior and the perturbative error was too large if one calculated 
only the one-loop terms. This problem was cured by Lepage and Mackenzie by taking a 
renormalized coupling constant as an expansion parameter J25 . 

A summary of recent lattice calculations of /b in the quenched approximation is shown in 
Fig. 12.61 Results of many groups obtained with different discretizations for heavy quarks agree 
very well within the error band of ~ 13%. 

The above results are obtained within the approximation of neglecting the pair creation 
and annihilation of quarks in the vacuum, which is called the quenched approximation. To 
include such dynamical quark effects requires much more computer power, and it has only 
recently become feasible. A recent calculation by the JLQCD collaboration |127j is shown in 
Fig. 12.71 which represents the light quark mass dependence of Jb in two-flavor QCD. A major 
uncertainty in the unquenched simulation comes from the chiral extrapolation, as the present 
unquenched simulation is limited to relatively heavy sea quark masses {nig ^ ms/2). Because 
chiral perturbation theory predicts the chiral logarithm mglnmq jl28j . the chiral extrapolation 
may bend downwards near the chiral limit as shown by dashed curves in Fig. 12.71 To control 
this extrapolation one needs simulations with much smaller sea quark masses as adopted in the 
recent simulations using staggered fermions for sea quarks jl29j . 

Lattice QCD calculations can be applied to several other important quantities: 

• Bb- The B parameter in the B^ — B mixing has been calculated in the unquenched QCD 
[T27j . with the result fB\p^ = 215(11)(+23)(15) MeV. Here the first error is statistical, 
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Figure 2.7: Chiral extrapolation of unquenched fs- The plot is for ^f^ = /s-y/rnB normalized 
with a Sommer scale rg. Figure from jl27j . 

the second is an uncertainty from the chiral extrapolation and the third is from other 
systematic errors. 

• Heavy-to-heavy semileptonic decay. The zero recoil form factor of the semileptonic decay 
B -^ D^*^^ has been calculated rather precisely using a double-ratio technique J13U[I131| . 

• Heavy-to-light semileptonic decay. The B — > irtv form factor has been calculated in the 
quenched QCD to an accuracy of order 20% P^H^ITHlin^ . 

These and other recent results have been reviewed at recent conferences |12f)|ll3()|ll,'-{7|ll3^ . 
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Chapter 3 

Flavor Structure of the Physics 
beyond the Standard Model 

3.1 Motivation for New Physics 

The Standard Model of elementary particles has been very successful in explaining a wide variety 
of existing experimental data. It covers a range of phenomena from low energy (less than a GeV) 
physics, such as kaon decays, to high energy (a few hundred GeV) processes involving real weak 
gauge bosons {W and Z) and top quarks. There is, therefore, little doubt that the present 
Standard Model is a theory to describe the physics below the energy scale of several hundred 
GeV, which has been explored so far. 

However, the Standard Model is not satisfactory as the theory of elementary particles beyond 
the TeV energy scale. First of all, it does not explain the characteristic pattern of the mass 
spectrum of quarks and leptons. The second generation quarks and leptons are several orders 
of magnitude heavier than the corresponding first generation particles, and the third generation 
is even heavier by another order of magnitude. The quark flavor mixing matrix — the CKM 
matrix — also has a striking hierarchical structure, i.e. the diagonal terms are close to unity and 
1 ^ 9i2 ^ O23 ^ ^13, where 9ij denotes a mixing angle between the i-th and j-th generation. 
The recent observation of neutrino oscillations implies that there is also a rich flavor structure in 
the lepton sector. All of these masses and mixings are free parameters in the Standard Model, 
but ideally they should be explained by higher scale theories. 

The particles in the Standard Model acquire masses from the Higgs mechanism. The Higgs 
potential itself is described by a scalar field theory, which contains a quadratic mass divergence. 
This means that a Higgs mass of order 100 GeV is realized only after a huge cancellation between 
the bare Higgs mass squared /Ug ^^^ the quadratically divergent mass renormalization, both of 
which are quantities of order A^ where A is the cutoff scale. If A is of the order of the Planck 
scale, then a cancellation of more than 30 orders of magnitude is required. This is often called 
the hierarchy problem |1391ll40]ll41j . Therefore it would be highly unnatural if the Standard 
Model were the theory valid at a very high energy scale, such as the Planck scale. Instead, the 
Standard Model should be considered as an effective theory of some more fundamental theory, 
which most likely lies in the TeV energy region. 

CP-violation is needed in order to produce the observed baryon number (or matter-antimatter) 
asymmetry in the universe. In the Standard Model, the complex phase of the CKM matrix 
provides the only source of the CP- violation^ , but models of baryogenesis suggest that it is 



^The 9 parameter in the QCD Lagrangian is another possible source of the CP-violation, but its value has to 
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quantitatively insufficient (for a review, see jl42j 'l. This is another motivation to consider new 
physics models. 

3.2 New physics scenarios 

Several scenarios have been proposed for the physics beyond the Standard Model. They intro- 
duce new particles, dynamics, symmetries or even extra-dimensions at the TeV energy scale. 
In the supersymmetry (SUSY) scenarios, one introduces a new symmetry between bosons and 
fermions, and a number of new particles that form supersymmetric pairs with the existing Stan- 
dard Model particles. The quadratic divergence of the Higgs mass term then cancels out among 
superpartners (for reviews, see |1431I144] 1. Technicolor-type scenarios assume new strong dy- 
namics (like QCD) at the TeV scale and the Higgs field is realized as a composite state of more 
fundamental particles (for a recent review, see jl45j ). The large extra space-time dimension 
models |146|I147| cure the problem by extending the number of spacetime dimensions beyond 
four (a recent review can be found in jl48j ). In Little Higgs models the Higgs is a pseudo- 
Nambu-Goldstone boson, and thus naturally light [T^ 



Flavor Changing Neutral Current (FCNC) processes, such as B^ — B mixing and the b — > 
S'j transition, provide strong constraints on new physics models. If there is no suppression 
mechanism for FCNC processes, such as the GIM mechanism in the Standard Model, the new 
physics contribution can easily become too large to be consistent with the experimental data. In 
fact, if one introduces a FCNC interaction as a higher dimensional operator to represent some 
new physics interaction, the associated energy scale is typically of order 10^ TeV, which is much 
higher than the expected scale of the new physics (~ TeV). Therefore, one has to introduce 
some flavor structure in new physics models. 

3.3 Supersymmetric models 

Here, let us consider the supersymmetric (SUSY) model as an example of new physics models at 
the TeV scale. The SUSY model is attractive not only because it solves the Higgs mass hierarchy 
problem. It is also consistent with Grand Unification J15U1I151] . i.e. the renormalization group 
running of the three gauge couplings is modified by the supersymmetric partners, causing them 
to intersect at the same point at Agut — lO"*^^ GeV. 

The general SUSY models have a number of free parameters corresponding to the masses and 
mixings of the superpartners for each Standard Model particle. Even in the minimal model — 
the Minimal Supersymmetric Standard Model (MSSM) — the number is more than a hundred. 
These mass and mixing parameters are, at least partly, governed by the soft supersymmetry 
breaking mechanism, which is necessary to make the superpartners heavy enough such that 
they are not detected at existing collider experiments. Therefore, to predict the mass spectrum 
and flavor mixing of the SUSY particles one has to specify the details of the SUSY breaking 
mechanism, which should be given at energy scales higher than the TeV scale. 

The Minimal Supersymmetric Standard Model (MSSM) is a minimal supersymmetric exten- 
sion of the Standard Model, containing a superpartner for each particle in the Standard Model 
and two Higgs doublets. Its matter contents are written in terms of the chiral super-fields as 

Qi(3,2,l/6), 17^(3,1,-2/3), A(3, 1,1/3) (3.1) 



be unnaturally small ^ < 10 ^^ in order to be consistent with the neutron electron dipole moment experiment. 
This is another problem — the strong CP problem. 
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for the left-handed (Q) and right-handed (U and D) quark sector, 

L,(l,2,-l/2), Eiil,l,l) (3.2) 

for the left-handed (L) and right-handed (E) lepton sector, and 

/7i(l,2,-l/2), i/2(l,2,l/2) (3.3) 

for the Higgs fields. The representation (or charge) for the gauge group SU{3)c x SU{2)l x U{1)y 
is given in parentheses, and i (= 1, 2, or 3) is a generation index. Under the assumption of 
i?-parity conservation, which is required to avoid an unacceptably large proton decay rate, the 
superpotential is written as 

Wmssm = fi^DiQjH, + fSUiQjH2 + fiEiL^Hi + ^iHiH2 , (3.4) 

where fjj and /d are the quark Yukawa couplings. The soft supersyninietry breaking terms are 

- /:soft = {mlYm^' + {mD.'d^'dj + {ml)^'u^%, + (m|)^,e,etj' + {ml)/Mj 
+Alh{hi + Alhlh2 - {Bfihih2 + h.c.) 
+A^l,diqjhi + A]^Uiqjh2 + A^luiqjh2 

+ ^BB + ^W + fl,. (3.5) 

These consist of mass terms for scalar fields (qj, ■uj, dj, /«, Cj, /ii, and /12), Higgs mixing terms, 
trilinear scalar couplings, and gaugino {B, W, and g) mass terms. 

Flavor physics already places strong restrictions on the possible structure of the SUSY break- 
ing sector, since arbitrary terms would induce many flavor violating processes which are easily 
ruled out by present experimental data. Therefore, in order to comply with the requirement 
of highly suppressed FCNC interactions, one has to introduce some structure in the soft SUSY 
breaking terms. Several scenarios have been proposed. 

• Universality. The SUSY breaking terms have a universal flavor structure at a very high 
energy scale, such as the Planck scale (~ 10^^ GeV) or the GUT scale (~ 10^^ GeV). 
It could also be a lower scale (~ 10^~^ GeV). The universality comes from mediation 
of the SUSY breaking effect by flavor-blind interactions, such as gravity (for a review 
of gravity mediation see |143j ). the Standard Model gauge interaction (gauge mediation 
|152II1531I154 the gaugino mediation J155lll56lll57j ^. or the super- Weyl anomaly (anomaly 
mediation [158 , 159 ). Since the soft SUSY breaking terms are flavor-blind, the squark 
masses are degenerate at the high energy scale where those terms are generated. The GIM 
mechanism then works as long as the scalar triple coupling (squark-squark-Higgs), the 
A term, is proportional to the Yukawa couplings in the Standard Model. An additional 
flavor violating effect could appear through the renormalization group running of the 
squark masses to the low energy scale, which depends on the flavor jlHOj . For the gauge 
mediation scenario the effect on FCNC processes is extremely suppressed, since the SUSY 
breaking scale is low and there is not enough room for the running. 

• Alignment. Squark and slepton mass matrices could be diagonalized (no flavor changing 
interaction) in the same basis as quarks and leptons, if one assumes some symmetries 
involving different generations 161, 162 . Flavor violation is then suppressed and flavor 
violating processes are induced by incomplete alignment. 
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• Decoupling. The squarks and sleptons of the first and second generations are sufficiently 
heavy, 10-100 TeV, so that flavor violation in the first and second generations is suppressed 
[T7)m[TH^[T7)HllT7)HirrT)7l[TT)^ITT)n] . In general such models predict large FCNC effects in the 
third generation, i.e. the b quark and r lepton decays. 

Signals for FCNC processes and CP-violation largely depend on the structure of the soft SUSY 
breaking terms. 

The Grand Unified Theory (GUT) J15()|ll5l] is one of the motivations for introducing su- 
persymmetry. Besides the unification of couplings, GUTs also relate the Yukawa couplings of 
the quark and lepton sectors. Since the particle content and symmetry are modified above the 
GUT scale, they could generate different FCNC effects even if universal soft SUSY breaking is as- 
sumed. GUTs also predict some correlation between quark and lepton flavor violation processes. 
Such studies have been done by several authors [rTHllTTTlirT^nTHllTTlllTT^ITTniliyyiliyRl 

3.4 SUSY effect on b ^ s transitions 

Here we discuss the possible effects of SUSY particles on 6 — > s transitions. The b ^>- s pro- 
cesses are especially interesting, since the time-dependent CP asymmetries measured in these 
processes, in particular B -^ (f'^s ^^ Belle, deviates from its Standard Model expectation 
'^(t>K° ~ "^J/ibK^ UM- Since the measurements by BaBar are still consistent with the Standard 
Model 122], much more data are required to resolve the problem. In the Standard Model the 
B -^ (l^^s transition is induced by the 6 — > s penguin diagram, in which there is room for new 
physics effects to compete with the Standard Model contribution. Supersymmetric GUT models 
also predict large effects in 6 — > s transitions as a large mixing angle is observed in the neutrino 
sector between the second and third generations. 

We parametrize the effect of soft SUSY breaking terms applying the mass insertion approx- 
imation (MIA) jl60j . In the MIA, one adopts a basis where the fermion and sfermion mass 
matrices are rotated in the same way to diagonalize the fermion mass matrix (the super-CKM 
basis). In this basis, the couplings of fermions and sfermions to neutral gauginos are flavor 
diagonal, leaving all the sources of flavor violation in the off-diagonal terms of the sfermion mass 
matrix. These terms are denoted by (A^^)*-', where A,B = (L, R) and q = (n, d). The sfermion 
propagator can then be expanded as 

m's) = ^ikH - rnH - A^^)- :. ^^^ + ^^^^ + • • • , (3.6) 

where 1 is the unit matrix and fh is the averaged squark mass. Here we keep only the first term 
of the expansion. In this way, the flavor violation in SUSY models can be parameterized in a 
model independent way by the dimensionless parameters ('^^5)4^ = (A^^)jj/m^, where m is an 
average squark mass. Constraints on these parameters from presently available data have been 
analyzed in J179lll80l|l81j (also see |182j for a summary). 

Using the MIA, the b — > sss transition accompanied by SUSY particles occurs through 
the diagrams shown in Figure 13.11 and the B — > (j^K^ data provide a constraint on the mass 
insertions ((5^^)23 where {A,B) = {L,R). In fact, the absolute value of (5^5)23 is constrained 
by the branching ratio of -B ^ Xsj as 

\iSlL(RR)h3\<8.2, |(5i^(«i))23|< 1.6x10-2, (3.7) 
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Figure 3.1: The Standard Model contribution (a) and the gluino-down squark contributions 
(b)-(f) to -B — > (p^s decay. The cross represents the mass insertions (5^^)23- 



for rrig = 300 GeV and rrig = 500 GeV jl81j ^ Thus, an interesting question is whether the 
observed deviation of S^j^o from Sj/^j^o can be obtained while satisfying (|3.7j) . 



Here we parameterize the Standard Model and SUSY amplitudes as 



USYg«<5sUSY 



l^SM, j^g^ 



A'^^'^ml) 



I ^SUSY I g-i0susY g«<5si. 



(3.8) 
(3.9) 



where (5sm(susy) is the strong (CP-conserving) phase and 6'susY is the weak (CP-violating) 
phase. Then, we obtain 



^SUSYl N 2 



^0i^, 



sin 2<j)i + 2 (^ '|^ijM| j cos 612 sin(6'susY + 201) + (^ ' |^!jM| j sin(26'susY + 2(/)i) 

/[^SUSY|\ /IASUSY|\2 

1 + 2 (^ 'i^BMj j cos 612 COS 9svsY + (^ |^SM| j 



(3.10) 



where 612 = (^SM — (^susY- Let us first see how large |^SUSYy'^SM| j^gg(^g ^q i,q Jj^ order to have 
5j,^o as small as the experimental central value. Using (|3.10p . we plot Sj^j^o in terms of ^SUSY 
for different values of |j4^^^'^/j4^^| in Figure EI21 by fixing 612 = for simplicity and using 
the central value of the observed sin 2(/)i . We can see that the deviation of S^j^o from Sj/^j^o 
becomes maximal at around ^SUSY = — '7r/2 and |^SUSYy^SM| > q^^ jg j-gqijij-gfi [^ order to have 
a negative value of ^S^^^o . 

The effective Hamiltonian for the penguin process can be expressed as 



-T/AB=1 



Gp 



^ 



vtbv:. 



(3.11) 



Y, C,Oi + CgOg + Y. Cidi + CgOg 

.j=3 i=3 

^In the following analysis we use \{5'^L(RR))'i'A < 1 instead, as the mass insertion approximation does not 
converge for > 1 and the entire analysis becomes unreliable. 
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Figure 3.2: ^^j^o including SUSY contributions (|3.1flj) as a function of ^susY for different values 
of |^SUSY/^SM|. 0.2 (dashed), 0.4 (dashed-dotted), 0.6 (dotted), 0.8 (dashed-double-dotted) . 
The solid line represents the central value of Sji^^^o . Here we assume that the strong phase 
difference between SUSY and the Standard Model is negligible 5i2 — 0. 



with 



O3 



Sa'J^LbaSfS^^LSis, 



9s 



■iTT 



■^rUbSaCr 



""R^hG^., 



(3.12) 
(3.13) 
(3.14) 
(3.15) 

(3.16) 



where L = (1 — 75)/2 and R = {1 + 75)/2. The terms with a tilde are obtained from d^g and 
Oi^g by exchanging L <^ R. The Wilson coefficient Cj(c,) includes both the Standard Model 
and SUSY contributions. In the following analysis, we neglect the effect of the operator O^ = 
■^mbSafy^^ RbaF^jy and the electroweak penguin operators, which give very small contributions. 
The matrix elements are computed in the naive factorization approximation in the following'^. 
The SUSY amplitude A?^^^ {(f)K) contains gluino and chargino contributions although the latter 
is negligible. The Wilson coefficients for the gluino contributions that come from box and 
penguin diagrams are computed in jl79j . We note that the dominant SUSY contribution to 
B — > (/>i^5 comes from the chromo-magnetic operator, Og and Og. 



The numerical result for the ratio of the Standard Model to SUSY amplitude for rrig 
500 GeV is as follows [T^ 



mo 



ASM(0i^O) 



(0.14 + 0.02i)[(5; 



LLm + {^rr)2z] 



+ (65 + iii)[(5i^)23 + (5: 



Rhh'i] 



(3.17) 



^The matrix element of _B ^ 4>K% can also be computed using more recent methods: the QCD factorization and 
the pQCD approach method. Application of these to analyse the SUSY effect on 5j,^o can be found in 176. 18^ 
for the former and |184| for the latter. 
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The tiny imaginary parts in (|H.17)1 are the strong phases coming from the QCD correction terms 
in the effective Wilson coefficient in jl86j . We shall consider SUSY models where one mass inser- 
tion is dominant, which is often the case in minimal flavour violation models. Let us start with 
the models in which LL{RR) dominates and the remaining mass insertions, {6'[j^)23, (<^^/,)23 and 
(^RR(LL))'^3 are all negligible. Taking into account the constraints from the B — > Xg^ branching 
ratio in 1)3. 7() . we obtain a maximum SUSY contribution of (|^ |/|^^^|)ll(_rk) — 0.14, which 
can lead to only a small deviation between Sj^j^o and Sji^^o as we learned in Figure EISl On the 
other hand, even if LR and RL dominated models are more severely constrained by -B ^ ^s7, 
the SUSY contribution can reach {\-^ / -^ \) lr(rl) — 1-1, which gives a negative value of 
S±^o for a large range of 6'susY- Smaller gluino and squark masses, rrig ~ rriq = 300 GeV, result 
in a larger SUSY contribution: 

^A^i^^K^) "" ^°-^^ + 0-07i)[(5ij23 + (4ij)23] + (110 + mmiR)2, + (4l)23]. (3.18) 

In this case, all LL, RR, LR and RL dominated models can lead to a negative value of Sj^j^o . 
We see that in order to have a significant difference between Sij^o and Sj/^j^o , LL and RR 
dominated models require small gluino and squark masses. Thus, some LL and RR dominated 
models with large rrig and rriq may be excluded by measurements of Su,j^o; for instance, an 
observation of S^j^o < would exclude rrig ~ rrig > 300 GeV 



r\^ 



Once more precise experimental data are available and the existence of a new physics con- 
tribution in SjjJ^o is confirmed, it will be necessary to find further evidence to prove that 5j,^o 
indeed includes a SUSY contribution. For this purpose, we are able to benefit from other b ^ s 
transitions, which can also be described by the mass insertion (5^^)23. In the rest of this section, 
we shall discuss the process B — > rj'Kg. 

CP- violation in Z? — > rj'K'^ was first reported by the Belle collaboration in summer 2002 |31j . 
Averaging with the result from the BaBar collaboration reported in spring 2003 jl87j . we obtain 
5 ;j^o = 0.33 ± 0.34. The r/' meson is known to be composed of uu, dd and ss accompanied by a 
small amount of other particles such as gluonium and cc etc. ^. Apart from the exotic particles, 
the B — > rj' K^ process comes from the B^ — B^ mixing box diagram and the penguin and tree 
decay diagrams. While there are two penguin diagrams b — > sss and b — > ddd, there is only one 
tree diagram, which furthermore is Cabibbo suppressed. As a result, the tree contribution is 
very small and estimated to be less than 1%. Thus, B -^ rj'Kg and B — > (j)Kg are approximately 
the same apart from the parity of the final states. In the following, we shall investigate whether 
this parity difference can lead to the experimental observation ^^^^o < < 5 /^o < Sji^^q . 

Let us first see the consequence of this parity difference in the SUSY contributions by com- 
paring the computation of the matrix elements for B — > (jiK^ and B -^ fj'^s ^^ ^^^ '^^^^ °^ ^^^ 
b — > s'ss transition. In the naive factorization approximation, the amplitudes are written as a 
product of Wilson coefficients, form factors and decay constants: 

A{B ^ cP{r]')K) oc Cwuson F^^^/^(^,). (3.19) 

The decay constants appear in the calculation by sandwiching the V zizA current, corresponding 
to Oj and Oi contributions, respectively, between (/>(r/') and the vacuum: 

(0|s7^(l±75)s|</') = +m^/</,e^ (3.20) 

(0|s7^(l±75)s|r/') = ±if^,p^ (3.21) 



We do not consider contributions from exotic particles here. However, since an unexpectedly large branching 
ratio is observed in the B —> rj'K processes, possible large contributions from such particles have been considered. 
The gluonium contributions to B — > r;' Kg including the possibility that SUSY effects also enhance the branching 
ratio oi B ~> ri' K is discussed in |188| . 
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Figure 3.3: Possible solution for the puzzle of Sj^j^o < 
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Dashed and 



dashed-dotted lines are results for S^f^o and 5^/j^o , respectively. Left figure is for the case that 
RR and/or RL are dominant. Right figure is for the case that there are both LL (and/or LR) 
and RR (and/or RL) contributions and the LL (and/or LR) amplitude is 4 times larger than 
RR (and/or RL) one whereas the phase of the former is equal to the phase of the latter. For 
both cases, we fix |ASUSY(^^0)/^sM(^^0)| ^ g.S. 



As can be seen from (|3.21|) . the overall sign flips for the V + A and V — A currents in the case of 
r/'. Thus, the contributions for S ,j^o coming from Oj and Oj have opposite signs. Accordingly, 
the numerical results are found to be jl88j 

^^^ ^ (0.15 + 0.03i)[(<5^^)23 - (4,k)23] + (69 + l2i)[{SU23 - (4x)23], (3.22) 






^ (0.41 + 0.08i)[i6iL)23 - ((^^,r)23] + (115 + 20i)[i6iji)23 - {SiL)23] (3.23) 



for nig ~ rriq = 500 GeV and 300 GeV, respectively. As expected, the result is very similar to 
those for B — > (pKg in 1)3. 17(1 and (|3.18p except for the overall signs of the RR and RL mass 
insertions. Thus, if Sj^j^o and S ,j^o differ, one would need some contributions from the RR 
and/or RL mass insertion. 



Now we shall discuss how we could reproduce the relation 5, 



<^i^o 



< < S^,KO < S 



'^j/i)Kl 



as indicated by experiment. Let us first consider RR and/or RL dominated models with 
A^^^^ {(pK^) / A^^ {(pK^) ~ 0.5 e^^susY. i^ this case, the overah sign flips for rj'K^, so we obtain 
^SUSYJ^/^0)/^SM^^/^o^ ~ -0.5 e^^susY. The results for 5<^^o and 8,^,^0 are shown in Fig- 

ure l3.3l fleftl. In this way, Sj^j^o and S ij^o may differ and we can obtain ^^^^o < < S ij^o . How- 
ever, S^ij^o is rather large compared to Sji^j^o . To solve this problem, we need to consider mod- 
els with both sizable LL (and/or LR) and RR (and/or RL) mass insertions. Let us give an ex- 
ample: the amplitude of the LL (and/or LR) mass insertion is 4 times larger than the one for RR 
(and/or RL) whereas their phases are equal. In this case with the same SUSY contributions to 
5^^o, ^susY(^^0)/^SM(^^0) ^ o.5e^^susY^ ^e obtain ASUSY(^/^0)/^sM(^/^0) ^ o.Se^^susY. 



In this way, we are able to reproduce the pattern S^j^o 
(right)). 



< < 5^,j^o < Sj/^j^o 



(see Figure ESI 
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3.5 Model independent study of 6 ^ 57 and b -^ s£^£ processes 



In the previous section we considered the supersymmetric extension of the Standard Model and 
discussed its possible effects on the 5 — > s transition processes. In contrast, in this section we 
explain what we can learn from the experimental data in a model independent way. To be 
specific, we consider the 6 ^ 57 and b -^ si~^i~ decays |189(ll9()||l9Hll92j . 

As we discuss below, there are many types of interactions which may contribute to b ^ sj 
and b — > si~^i~ . The new physics effects originate from the energy scale higher than the electro- 
weak scale, and below that new physics scale, the effects evolve down to the electro-weak scale. 
Then, at the electro-weak scale, they are matched onto the low energy effective theory, which 
is valid below the electro-weak scale. The new physics effects can thus be expressed in terms 
of higher dimensional operators such as four- Fermi interactions and dimension- five interactions. 
For b -^ s£+i- and b ^ s-f processes, sbl+i' (O9 and do), sa^ybF^''' (O7) and sa^^T^bGl^ 
(Og) are such operators. (There are several these operators with different chiral structures.) 
For each operator there is the Wilson coeffeicient Cf^ , in which the new physics effects are 
encoded. The four-quark operators can contribute to 6 — > si.'^i.~ through the one-loop matrix 
elements and the operator mixing jl92j . We assume that such effects are small compared to the 
contributions from the tree level matrix elements of sbi~^i~ operators. 

Within the leading logarithmic approximation of QCD corrections, we obtain the following 
amplitude for b ^> s^. 

AGf 



M{b -^ 57) 



where F^i, stands for 
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^.^ y^.^;. In the Standard Model C^| = ^^Cf^. In the left-right 



symmetric models jl93| . C^^ can be as large as Cyf jl94lll95Tll96j . Using the branching ratio 
oi B ^ Xg^, we can constrain jC^f p + jC^^p. 

Since the branching fraction does not tell us about the ratio C^\/C^^, the observables which 
are sensitive to the ratio are needed. Three methods using B meson decays have been proposed. 
One can extract the ratio from the time dependent CP asymmetry of 6 ^ 57 jl97j . Another 
measurement which is sensitive to the ratio is the transverse polarization of i? ^ K*^ |198j . 
This can be measured by using the decay chains B — > K*'y* — > KTrl~^l~ J199ll200j . The azimuthal 
angle distribution is sensitive to the ratio. The distribution at low invariant dilepton mass region 
must be measured so that the decay amplitude from a Z exchange and box diagram contribution 

Kttttj and triple momentum correlation 



Kr 



s7 



is suppressed. The other method uses B 

Pj-iPKxp.) i2niiiMi- 

We next consider the possible new physics effects on b 
are ten local four Fermi interactions which contribute to b 
amplitude including all the contributions [190(1191] : 
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Figure 3.4: Differential branching ratio -jg for b -^ si^£ 



The Standard Model predicts to 



{Cll, Clr, Crr, Crl, Crlrl,Clrlr, Clrrl,Crllr) = 0, 



rUb 



{Ct,Cte) = 0, 



(3.26) 
(3.27) 

(3.28) 



where {Cg^ , Ciq, Cjgj^) are the Standard Model coefficients. The numerical values of the cor- 
responding Wilson coefficients are C^^^ = 4.153, Cio = -4.546, C^f^^ = -0.311. Cf is 
close to —CiQ. Two-loop calculation has also been completed recently |I2031I204J . Beyond the 
Standard Model, one-loop calculation of these Wilson coefficients is available for the Minimal 
Supersymmetric Standard Model (see, for example, j2U5j for a recent paper). 

The branching ratio of 6 ^ si~^i~ is most sensitive to the coefficient Cll, since the inter- 
ference of the Cll and Cf^ — Cio is large. Depending on the sign of Cll, the interference with 
the Standard Model contribution can be constructive or destructive. 

In Figures f3.4l and r3.51 we show the differential branching ratio -^ and the forward-backward 
asymmetry -j-, respectively. We choose three sets of the coefficients and show dilepton mass 



The three cases correspond to: (1) Cll = 3 , (2) Cll = —3, and 
CjsM- When Cll is positive, the branching ratio is larger than the 



ds 

squared (s) distribution. 

(3)(C?|,C7,t) = -(^,l 

Standard Model value. If Cll is negative, it decreases. If we change the sign of C7 compared 

with the Standard Model, the branching ratio also increases as in the case of Cll > 0. The case 

(3) can be clearly distinguished from the Standard Model by studying the forward and backward 

asymmetry. 

As shown in Figure IT31 in the Standard Model there is a zero crossing point of the forward- 
backward asymmetry in the low invariant mass squared region. If the sign of C^l is different 
from the Standard Model, the zero crossing point may disappear from the forward-backward 
asymmetry. Such a scenario is suggested in a supergravity model |2n6j . In another new physics 
model scenario including the down type SU(2) singlet quark, Z FCNC current may contribute to 
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Figure 3.5: Forward-backward asymmetry -^ for 6 ^ st^l 



h -^ sl^l~ at the tree level. The tree level Z FCNC contribution may give a large contribution 
to Cio and can change the sign of the forward-backward asymmetry. Besides the observables 
mentioned above, the forward-backward CP asymmetry of 6 — > si~^i~ is useful under the pres- 
ence of new source of CP violation j2U7j . To conclude, with various observables and combination 
of them, we can test the new physics scenarios if they contribute to 6 — > si~^i~ interactions. 



3.6 Lepton Flavor Violation 

Strictly speaking, the Standard Model already has to be modified by introducing tiny neutrino 
masses, in order to incorporate the Lepton Flavor Violating (LFV) phenomena observed in the 
neutrino sector. Neutrino mixing f^-z^r was first discovered in atmospheric neutrino measure- 
ments at Super-Kamiokande [2081 , and it is being further confirmed by the K2K experiment |2fl9] . 
The neutrino oscillation was also confirmed in solar neutrinos, which come from Ve-t^^i mixing, 
by both the Super-Kamiokande |2inj and SNO |21HI212j experiments. More recently, the Kam- 
land experiment pinned down the explanation of the solar neutrino problem to the large mixing 
angle (LMA) solution |213j . Thus, neutrino oscillation experiments are providing high precision 



measurements in the neutrino sector. It is very interesting that the fe-f/^ and f^-i^r mixing 
angles are found to be almost maximal and the neutrino mass structure is quite different from 
that of the quark sector. 

Now it is known that lepton-fiavor symmetries are not exact in Nature. However, the mag- 
nitude of LFV processes in the charged lepton sector is not obvious. The tiny neutrino masses 
do not lead to sizable LFV processes in the charged lepton sector, since the event rates are 
suppressed by the fourth power of (m^/mw)- Thus, searches for LFV in the charged lepton 
sector will probe physics beyond the Standard Model and the origin of the neutrino masses. 

The T lepton is a member of the third generation and is the heaviest charged lepton. It can 
decay into quarks and leptons in the first and second generations. This may imply that r lepton 
physics could provide some clues to puzzles in the family structure. In fact, one naively expects 
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Figure 3.6: Feynman diagrams to generate l~ -^ Z'~7 in the SUSY models with conserved 
R parity, e, i>, x^ and x~ represent charged slepton, sneutrino, chargino, and neutrahno, 
respectively. 

the heavier quarks and leptons to be more sensitive to the dynamics responsible for fermion 
mass generation. 

In the following we discuss LFV r lepton decay in SUSY models, especially in the supersym- 
metric seesaw mechanism and SUSY GUTs, and other models such as extra-dimension models 
and R-parity violating SUSY models. 



3.6.1 LFV in the Supersymmetric Models 

The LFV in the SUSY extension of the Standard Model comes from the soft SUSY breaking 
terms, since the supersymmetric interactions have the same flavor structure as in the Standard 
Model. The soft SUSY breaking terms in the lepton sector are as follows. 



^ = ("T'l)ii4iei?j + {ml)ijllilLj + [{Ae)ijHie^j^jLj + h.c. 



(3.29) 



where {Tn'^)ij and {m'j^)ij are mass matrices for the right-handed sleptons erj and the left-handed 
sleptons lLji= {i^Lj,(iLj)), respectively. {Ae)ij is the trilinear scalar coupling matrix. 

LFV processes for charged leptons are radiative if R parity is conserved, since the SUSY 
interactions must be bilinears of the SUSY fields. Thus, t~ -^ fi^i^e")^ and /i~ -^ e~7 are the 
most sensitive to the flavor structure of the soft SUSY breaking terms except for some exceptional 
cases. These processes are generated by diagrams in Figure EiHl The effective operators relevant 
to /~ — > /'~7 are flavor-violating magnetic moment operators. 
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where -P^z/j = (1 =F Ts)/^, and the branching ratios are given as 
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Br{l- -^ I'-j) = 3847r^(|^^ ^ + \^L 1) Br{l- -^ l'-um>). 

Here, Br{T^ — > /x^(e^)^'T^'^(e)) — 0.17 and Br{fj,~ — > e~v^Ve) = 1. 
The coefficients in Eq. 1)3. 30|) are approximately given as 
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Table 3.1: Constraints on S^f, and 6^, from current experimental bounds on Br{l^ -^ ^' 7)- 
Here, we use the results of the LFV tau decay search from the Belle experiment. We take 
tan/3 = 10 and msusY = 100 GeV and 300 GeV. The numbers in parentheses are derived from 
constraints on \6t^ \ and |(5re |. 
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assuming for simplicity that all SUSY particle masses are equal to msusY and tan/? » 1. Here, 
tw = tan6'vv, where 6w is the Weinberg angle, and the mass insertion parameters are given as 
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(3.36) 



SUSY , 



When both the 13 and 23 generation components of the slepton mass matrices are non- vanishing, 
/i- — > e-7 is generated via a scalar tau lepton exchange. In particular, if both the left-handed 
and right-handed mixings are sizable, the branching ratio is enhanced by {mr/m^)'^ compared 
to the case where only left-handed or right-handed mixing angles are non-vanishing. The off- 
diagonal components in {Ae)ij are sub-dominant in these processes since the contribution is not 
proportional to tan (3. 

We list constraints on 5^, and 5^, from current experimental bounds on Br{T^ -^ fi~{e~)^), 
which are derived by the Belle experiment, and Br{fi^ — > e~j) in Table l3?n In this table, we 
take tan/3 = 10 and msusY = 100 GeV and 300 GeV. The constraints from fj,~ -^ e~^ on the 
slepton mixings are quite stringent. On the other hand, the current bounds on the LFV r lepton 
decay modes independently give sizable constraints on |5^ | and |5^el- Furthermore, while the 
current constraint on |(5n'^5;^g| from the LFV r lepton decay is weaker than that from the LFV 
muon decay, improvement of the LFV r lepton decay modes by about an order of magnitude 
will give a bound on \5^^5^J\ competitive with that from the LFV muon decay. 

The flavor structure of the soft SUSY breaking terms depends on the origin of the SUSY 
breaking and the physics beyond the MSSM, as discussed in Section f3. 31 Even in the Universal 
scalar mass scenario, the LFV Yukawa interaction may induce LFV slepton mass terms radia- 
tively. If the heavier leptons have larger LFV Yukawa interactions, the r lepton is the most 
sensitive to them. In the decoupling scenario, scalar r leptons may be much lighter than other 
sleptons and have LFV interactions. Thus, the search for LFV r lepton decay is important to 
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Figure 3.7: Feynman diagrams to generate (a) r -^ ^J- (e )/x~''/i 
T~ — > //~(e~)/i~7, induced by anomalous Higgs boson couplings. 



(b) T -^ ij. (e )r/, (c) 



probe such new physics. In the next section we present predictions for the LFV r lepton decay 
in the SUSY seesaw model and SUSY GUTs. 

Finally, we discuss other tau LFV processes in SUSY models. In a broader parameter space, 
T~ -^ /x~(e~)7 are the largest tau LFV processes, unless they are suppressed by some accidental 
cancellation or much heavier SUSY particle masses. The LFV r lepton decay modes to three 
leptons are dominantly induced by the photon-penguin contributions, and are correlated with 
T~ -^ /i~(e~)7 as follows 

(3.37) 
(3.38) 
(3.39) 
(3.40) 

The LFV r decay modes into pseudoscalar mesons tend to be smaller than those to three leptons 
since the branching ratios are not proportional to tan^ (3. 

When sleptons are much heavier than the weak scale, Br(T~ -^ /i~(e~)7) is suppressed. In 
this case, the modes r~ — > /x~(e~ )//+//" and r~ -^ ii~{e~)r] induced by Higgs boson exchange 
become relatively important 1214 . The LFV anomalous Yukawa coupling for the Higgs bosons 
is generated by radiative corrections, and it is not suppressed by powers of the slepton masses. 
While these processes are suppressed by a small Yukawa coupling constant for muons or strange 
quarks, they may acquire sizable branching ratios when tan/3 is large since the branching ratios 
are proportional to tan^ /?. When 5^^ is non-vanishing, the approximate formula for Br{T^ -^ 
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is given as J2141I215J 
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(3.41) 



and Br{T^ -^ fJ-v) is 8.4 times larger than Brij^ -^ fi^ /i^fj,^) j216j . Here, €2 is a function 
of the SUSY particle masses. We take limits of large tan/3 and equal SUSY breaking mass 
parameters in the last step (|3.41|) . Notice that r~ — > ^"7 also has a comparable branching 
ratio to them since the Higgs loop diagram [Figure OlZtc)] is enhanced by the r lepton Yukawa 
coupling constant |217j . As a result, the ratio of the branching ratios for these LFV r lepton 
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decay modes, which are induced by the Higgs boson exchange, is Br(T -^ fx rj) : Br{T -^ 
/i-7) : Br{T~ -^ /i"/x+/i~) = 8.4 : 1.5 : 1. 

3.6.2 SUSY Seesaw Mechanism and SUSY GUTs 

In general, in seesaw and GUT models, LFV Yukawa interactions are introduced. If the SUSY 
breaking mediation scale is higher than the GUT |218ll219ll22Uj or the right-handed neutrino 
mass scale |22HI222|I223[I22 J] . sizable LFV processes are predicted as mentioned in the previous 
section. 

The most economical way to generate the tiny neutrino masses is the seesaw mechanism. In 
the seesaw model, a neutrino Yukawa coupling Yi, is introduced, which is lepton-flavor violating. 
In the supersymmetric extension, the off-diagonal components of the left-handed slepton mass 
matrix are radiatively induced, and they are approximately given by 

{6ml).,, c^ -J^(3ml + Al)J2iY^),,{Y,)kjlog^, (3.42) 

where Mtv^ are the i-th right-handed neutrino masses, and Mq is the Planck scale. Here we 
assume the gravity mediation scenario, and the parameters mo and ^0 are the universal scalar 
mass and the universal trilinear scalar coupling. The predicted small neutrino mass matrix is 

(^^)_^a^M§kM!. (3.43) 

1)3.42(1 has a different structure from (|3.43() . Thus, we may obtain independent information about 
the seesaw mechanism from the charged LFV searches and the neutrino oscillation experiments. 

In Figure ITHl we show Br(T~ -^ fJ-^'j) and Br(T~ -^ e'j) in the SUSY seesaw mechanism, 
assuming the gravity mediation scenario for the SUSY breaking. We fix the neutrino Yukawa 
coupling using the neutrino oscillation data under assumptions for the neutrino Yukawa coupling 
yjy, which suppresses Br(fi~ -^ e~7). The experimental bounds on these r processes have 
already excluded some of the parameter space. While a natural candidate for the largest LFV r 
lepton decay mode is t~ -^ /u~7 from the atmospheric neutrino result, some model-parameters 
in the seesaw model predict larger Br{T~ — > e~7) |225j . This is because ()3.42|) and ()3.43j) have 
different dependences on Yi, and M]\[ as mentioned above. 

In GUT models, even if the neutrino Yukawa contribution is negligible, LFV processes are 
predicted. In the SU{5) SUSY GUT, the right-handed charged leptons are embedded in the 
10-dimensional multiplets with the left-handed quarks and the right-handed up- type quarks. 
The LFV SUSY breaking terms for the right-handed sleptons are generated by the top-quark 
Yukawa coupling Yt above the GUT scale. The off-diagonal components in the right-handed 
slepton mass matrix are given as 

i^^lh ^ -^i^< + Al)y^3VM^t\'^ogJ^, (3.44) 

where Vij is the CKM matrix in the SUSY SU{5) GUT and Mqut is the GUT scale. 

In the minimal SU{5) SUSY GUT, in which the neutrino Yukawa coupling is negligible, 
Br{T~ -^ Ai~7) is smaller than 1{)~^'^~^^' . While the process is enhanced by the top-quark 
Yukawa coupling, it is suppressed by the CKM matrix element and the U{1)y gauge coupling 
constant. Furthermore, when the right-handed sleptons have LFV mass terms, an accidental 
cancellation among the diagrams tends to suppress the branching ratio. However, we notice that 
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Figure 3.8: Br{T~ -^ l^~l) and Br{T~ -^ e~7) in the SUSY seesaw mechanism, assuming the 
gravity mediation scenario for the SUSY breaking. Dashed hnes show the current experimental 
bounds from the Belle experiment. Here, we take tan/3 = 30, the SU{2)l gaugino mass 200 GeV, 
Aq = 0, and positive Higgsino mass. We fix the neutrino Yukawa coupling by using the neutrino 
oscillation data under assumptions of the neutrino Yukawa coupling. 
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the CKM matrix elements at the GUT scale may not be the same as ones extrapolated from 
the low energy data. This is because the quark and lepton mass ratios are not well explained in 
this model. If V32 is larger, the processes are enhanced |22f)|l227] . 

3.6.3 Other Theoretical Models 

In the previous subsections we discussed LFV r lepton decays in SUSY models assuming that R 
parity is conserved. In this subsection we review some examples of other models which predict 
LFV T lepton decays. 

In extra-dimension models |146|I147] the "fundamental" scale is expected to be comparable 
to the weak scale, and the classical seesaw mechanism does not explain the tiny neutrino masses. 
Instead, singlet neutrinos in the bulk space are introduced |228|l229^23fl; . The Yukawa couplings 
of the left-handed neutrinos with the bulk neutrinos are suppressed by an overlap of the wave 
functions, and small Dirac neutrino masses are predicted. 

In this model the loop diagrams from the Kaluza-Klein states of the bulk neutrinos generate 
the LFV T lepton and n decay |2311I232J . On the other hand, this model is constrained by 
short baseline experiments and charged current universality, since the kinetic mixing term for 
neutrinos is not negligible. In the minimal model, in which the unique source of LFV is the 
Yukawa coupling of the left-handed neutrinos with the bulk neutrinos, Br{T~ — > ^"7) < 10~^ 
from the existing constraints, while Br{ii~ -^ e~7) ^ 10"'-^^"^^) depending on C/e3 j232j . In the 
non-minimal case, the constraints may be looser. 

In R-parity violating SUSY models, there exist lepton flavor and baryon number non- 
conserving interactions at the tree level. Proton stability gives stringent bounds on such models, 
as well as other processes, such as the decays of charged leptons and B and D mesons, neutral 
current processes, and FCNC processes. Since the r lepton is the heaviest lepton, various r 
LFV modes can be induced. These include r~ -^ j^r ji^ j^r , fi~e~^e~ , fi'^e^e^ and r" —>■ jjl^ M^ , 
^~V^. Here, M^ and V^ are pseudoscalar and vector mesons, respectively. Comprehensive 
studies of LFV r lepton decay have been performed in |233j . 

If the masses of the right-handed neutrinos are 0(1 — 10) TeV in the seesaw mechanism, 
sizable LFV r lepton decay might be possible |234j . It is found in |235j that Br{T^ -^ /^ 7) 
and Br{T~ — > fj.~fi^n^) are smaller than 10~^ and 10^^*^, respectively. It is also argued that 
Br{T~ -^ e~7) and Br{T~ — > e~e^e~) can reach 10~^ and 10~^, respectively, in various models 

[23S1- 
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Chapter 4 

Sensitivity at SuperKEKB 



4.1 Overview 

4.1.1 Goals of sensitivity studies 

As described in Chapter^ the primary purpose of SuperKEKB is to perform a comprehensive 
study of B decays governed by quark transitions induced by quantum loops, where sizable effects 
from physics beyond the Standard Model are expected. If the study leads to a conclusion that 
an observed pattern is inconsistent with the Standard Model expectation, we further proceed to 
identify underlying flavor structure. 

One of major goals of sensitivity studies is to clarify the meaning of the statement above 
quantitatively. To this end, we estimate statistical, systematic and theoretical errors on key 
observables at SuperKEKB. The target luminosity of SuperKEKB is 5 x 10^^ cm~'^s~^, which 
corresponds to an annual integrated luminosity of 5 ab~^ assuming 100 days of operation (i.e. 
the Snowmass year definition). Therefore we estimate expected errors at 5 ab~^ to describe what 
will be achieved at an early stage of the SuperKEKB experiment. We also provide errors at 
50 ab"^ as ultimate measurements that can be performed at SuperKEKB. Although this looks 
rather ambitious, our experience at the Belle experiment tells that an integrated luminosity that 
is 10 times as large as a target annual luminosity is not a mere dream. 

There are a huge number of observables that can be measured at SuperKEKB. It is not 
the main purpose of our sensitivity studies to cover all of them. Instead, our strategy is to 
concentrate on observables that are indispensable to reach the primary goal mentioned above. 
The following points are considered to select such observables: 

• A sizable deviation from a prediction of the Standard Model is expected. 

• A hadronic uncertainty is negligible or very small. 

• A measurement at SuperKEKB is (much) superior to others, in particular to LHCb, whose 
expected physics performance is regarded as the benchmark of next-generation B physics 
programs at hadron colliders. 

Selected topics do not necessarily satisfy all of these criteria, but do have clear advantages over 
others not covered in this chapter. 

At SuperKEKB we expect a background level that is about 20 times larger than what we 
currently observe at Belle. Our investigation leads to a conclusion that under such conditions 
there is a feasible detector design that guarantees performance equivalent to the present Belle de- 
tector. Therefore, throughout our studies, we assume a detector that has the same performance 
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as the present Belle detector unless otherwise noticed. Any possible gain from an improved de- 
tector performance is regarded as a bonus, and our aim is to demonstrate that most of physics 
goals at SuperKEKB are achieved even without any improvement in the detector performance. 
One important exception, however, is B meson vertex reconstruction using the K'^. Here we 
clearly need to introduce a larger vertex detector to increase vertex reconstruction efficiencies. 
Therefore we incorporate the proposed detector design in this case. 

One of the biggest advantages of the sensitivity studies for Super-KEKB compared with those 
for hadron collider experiments is that we can fully utilize information obtained by analyzing 
Belle data. In particular, many of studies described in this chapter rely on Monte Carlo pseudo- 
experiments (also called "toy Monte Carlo experiments") in which PDFs are constructed from 
data. A clear advantage of this approach over genuine Monte Carlo simulations (e.g. GEANT 
simulation) is that background fractions and detector resolutions are more reliable. For some 
topics for which pseudo-experiments are not available, however, we also use GEANT simulation 
and/or FSIM, a parametric Monte Carlo simulator that requires much less CPU power than 
GEANT. 

In the rest of this section we overview two important analysis techniques that are used 
repeatedly in our studies. One is the procedure to fit a proper-time difference distribution 
for a time-dependent CP asymmetry measurement. The other is to reconstruct one B meson 
exclusively (or semi-inclusively) so as to study decays of an accompanying B meson in the 
cleanest environment. This is called "full reconstruction B tagging". 

4.1.2 Time-dependent CP asymmetries 

In the decay chain T{4S) —>■ B^B^ — > /cp/tag, where one of the B mesons decays at time tcp 
to a final state fcp and the other decays at time itag to a final state /tag that distinguishes 
between B^ and B^, the decay rate has a time dependence given by jH7 | IH8 | l7)n] 

g-IAtl/r^o r ,- l^ 

V{M) = U + g- cSsin(AmrfAt)-h^cos(AmdAt) ), (4.1) 

4rB0 L L J J 

where r^o is the B^ lifetime, Am^ is the mass difference between the two B^ mass eigenstates, 
Ai = tcp — ttag, and the 6-flavor charge q = +1 (—1) when the tagging B meson is a B^ (B^). 
S and A are CP-violation parameters. For example, to a good approximation, the Standard 
Model predicts S = —^f sin2(/)i, where ^f = -|-1(— 1) corresponds to CP-even (-odd) final states, 
and ^ = for both b -^ ccs and b -^ s'ss transitions. 

We determine q and At for each event. Charged leptons, pions, kaons, and A baryons that 
are not associated with a reconstructed CP eigenstate decay are used to identify the 6-flavor of 
the accompanying B meson. The tagging algorithm is described in detail elsewhere [S]. We use 
two parameters, q and r, to represent the tagging information. The first, q, is already defined 
above. The parameter r is an event-by-event Monte Carlo-determined flavor-tagging dilution 
parameter that ranges from r = for no flavor discrimination to r = 1 for an unambiguous flavor 
assignment. It is used only to sort data into six intervals of r, according to estimated flavor purity. 
We determine directly from data the average wrong-tag probabilities, wi = {w^ + wf)/2 (l = 
1,6), and differences between B^ and B'^ decays, Awi = w^ — wf , where Wi is the wrong- 
tag probability for the B^{B^) decay in each r interval. The event fractions and wrong-tag 
fractions are summarized in Table WTH The total effective tagging efficiency is determined to be 
^eff ^ S/=i ^'(1 ~ 2i(;i)^ = 0.287 it 0.005, where e/ is the event fraction for each r interval. The 
error includes both statistical and systematic uncertainties. 
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/ 


r interval 


e« 


Wl 


Awi 


ett 


1 


0.000 ^ 


- 0.250 


0.398 


0.464 ± 0.006 


-0.011 ±0.006 


0.002 ± 0.001 


2 


0.250 ^ 


- 0.500 


0.146 


0.331 ± 0.008 


+0.004 ±0.010 


0.017 ±0.002 


3 


0.500 - 


- 0.625 


0.104 


0.231 ± 0.009 


-0.011 ±0.010 


0.030 ± 0.002 


4 


0.625 ^ 


~ 0.750 


0.122 


0.163 ±0.008 


-0.007 ±0.009 


0.055 ± 0.003 


5 


0.750 ^ 


- 0.875 


0.094 


0.109 ±0.007 


+0.016 ±0.009 


0.057 ±0.002 


6 


0.875 - 


- 1.000 


0.136 


0.020 ± 0.005 


+0.003 ± 0.006 


0.126 ±0.003 



Table 4.1: The event fractions ei, wrong-tag fractions wi, wrong-tag fraction differences Awi, 
and average effective tagging efficiencies e jt = £i{^ — '^wi)'^ for each r interval. The errors include 
both statistical and systematic uncertainties. The event fractions are obtained from the J/tpKg 
simulation. 

The vertex position for the fcp decay is reconstructed using leptons from J/-^ decays or 
charged hadrons from r]c decays, and that for /tag is obtained with well reconstructed tracks 
that are not assigned to fcp- Tracks that are consistent with coming from a Kg -^ vr+vr" decay 
are not used. Each vertex position is required to be consistent with the interaction region profile, 
determined run-by-run, smeared in the r-<j) plane to account for the B meson decay length. With 
these requirements, we are able to determine a vertex even with a single track; the fraction of 
single-track vertices is about 10% for zcp and 22% for -z^ag- The proper-time interval resolution 
function Rg^„{At) is formed by convolving four components: the detector resolutions for zcp 
and z^g^p-, the shift in the ^^tag vertex position due to secondary tracks originating from charmed 
particle decays, and the kinematic approximation that the B mesons are at rest in the cms |236| . 
A small component of broad outliers in the Az distribution, caused by mis-reconstruction, is 
represented by a Gaussian function. We determine fourteen resolution parameters from the 
aforementioned fit to the control samples. We find that the average At resolution is ~ 1.43 ps 
(rms). The width of the outlier component is determined to be (39 ± 2) ps; the fractions of the 
outlier components are (2.1 ± 0.6) x 10~^ for events with both vertices reconstructed with more 
than one track, and (3.1 ±0.1) x 10^^ for events with at least one single-track vertex. 

We determine S and A for each mode by performing an unbinned maximum-likelihood fit to 
the observed At distribution. The probability density function (PDF) expected for the signal 
distribution, 7-'sig(At; S, A, q, wi, Awi), is given by Eq. (|4.1() incorporating the effect of incorrect 
flavor assignment. The distribution is also convolved with the proper-time interval resolution 
function Rsig{At), which takes into account the finite vertex resolution. We determine the 
following likelihood value for each event: 



(1 - /ol) / 



fsigVsig{At')Rsig{Ati - At') 



+ (l-/sig)Pbkg(At')«bkg(Ati-AO 



d(At') 



+ foiPoii^ti) (4.2) 

where Poi{At) is a broad Gaussian function that represents an outlier component with a small 
fraction /oi. The signal probability /gig depends on the r region and is calculated on an event- 
by-event basis as a function of AE and Mbc. V^i^g^At) is a PDF for background events, which 
is modeled as a sum of exponential and prompt components, and is convolved with a sum of 
two Gaussians -Rbkg- All parameters in 'Pbkg(A^) and -Rbkg are determined by the fit to the At 
distribution of a background-enhanced control sample; i.e. events away from the AE-My^c signal 
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Decay mode 


Motivation 


B -^ XJu 


Precise measurement of \Vub\ 


B ^TU 


Measurement of /^ 


B -^ KvD, Dtv 


Search for new physics 


Inclusive B decays 


Detailed study, model independent analysis etc. 



Table 4.2: Physics topics that will be studied with the fully-reconstructed B sample. 

region. We fix r^o and Am^ at their world-average values. The only free parameters in the final 
fit are S and A, which are determined by maximizing the likelihood function i = Hi Pii^^u S, A) 
where the product is over all events. 

4.1.3 B tagging with full reconstruction 

At SuperKEKB, BB meson pairs will be produced from T(4S') decays. To study B meson 
decays that include neutrinos, photons, tt*^ mesons in the final states, it is useful to tag one of 
the B mesons through the full reconstruction. This method has the following attractive features: 

• The momentum vector and flavor of the other B meson can be identified, i.e. single B 
meson beams can practically be obtained offline. 

• Continuum and combinatoric BB backgrounds can be significantly reduced. 

If we take advantage of these features, it will be possible to measure the B decays listed in Table 
14.21 Some of these decays have more than one neutrino in the final states. Therefore, it is very 
difficult to perform such studies even in the clean environment of e^e~ collider unless the full 
reconstruction B tagging is applied. 

Because of the modest full reconstruction efficiency [0(0.1%)], this method has not been 
extensively applied at the current B factory experiments. However, a very large B meson 
sample at SuperKEKB will make it possible to extract useful results. 

Hadronic B Tagging 

Most B meson decays are hadronic decays. However, the branching fraction of each mode is 
less than 0(1%). Therefore, we need to collect as many modes as possible to achieve a high 
efficiency. In Fig. 14.11 the beam-constrained mass distribution for the main decay modes, 
B -^ Z)(*-'(7r, p, ai)^, are shown. The yields including other decay modes are also shown in 
Table 14.31 With a 152 million BB sample, we already have a sample of more than 10^ fully- 
reconstructed B meson tags. The tagging efficiency is 0.20% (0.09%) for charged (neutral) B 
mesons with a purity of 78% (83%) ^237 . 

The tagging efficiency can be improved largely by loosening selection criteria. In this case, 
however, the purity becomes lower. Therefore the best selection criteria should be searched 
for in each analysis. In the case of hadronic B tagging mentioned above, we achieve a tagging 
efficiency of 0.33% (0.20%) for charged (neutral) B mesons with a purity of 58% (52%). 

If a -B meson is reconstructed semi-inclusively, we can further improve the efficiency. At 
BaBar, the B -^ D^*' {niiT^n2K^n^Ksni'K^)~ process is reconstructed, where ni + n2 < 5, 
723 < 2 and n4 < 2. As a result, the higher efficiency, 0.5 (0.3) % for charged (neutral) B 
mesons, is obtained. However, due to combinatoric backgrounds, the purity is only around 



54 





decay mode 


yield 


eff. (%) 


purity(%) 


Charged B 


B-^D<^*)"{7r,p,air 


132723 


0.17 


79 


B- ^ Z)(*)OZ)i*^- 


8700 


0.01 


60 


B- -^ J/^K- 


9373 


0.01 


96 


total 


150796 


0.20 


78 


Neutral B 


B^^D^*)+{7i,p,ai)- 


56898 


0.07 


85 


BO ^ d(*)+D^*^- 


4390 


0.006 


60 


50 ^ (J/V;,V^(2s),Xci)i^5, J/i^K*^ 


7275 


0.01 


94 


total 


68563 


0.09 


83 



Table 4.3: Full reconstructed B events for hadronic modes with 152 million BB sample. 

25 %. These samples are used for the \Vub\ measurement using B — > Xulv decays, where the 
background can be reduced by requiring a lepton in the recoil side |2381I239J . 



Semileptonic B tagging 

If we use semileptonic B decays to tag one B meson, we cannot use information about the B 
momentum vector due to the missing neutrino. However, we still have relatively clean tagged 
samples. Semileptonic B decays are dominated by i? — > Dlu and D*lv, with a total branching 
fraction of around 15%. At Belle, these samples were used for a \Vub\ measurement with inclu- 
sive B — > Xulv decays. If we require a semileptonic decay on the recoil side, we can apply a 
kinematical constraint, and the B momentum vector can be determined with a two-fold ambi- 
guity. The background contribution is significantly suppressed in this case. This method yields 
a B ^ D*lv efficiency of 0.3 (0.2)% for charged (neutral) B decays j240| . 

It is also notable that we include other B -^ DXlu decays as B tags in the Dlu mode, 
because the signal in the missing mass spectrum is too broad for separation. The missing mass 
distribution for B~ — > D^lv is shown in Fig. 14.21 The full reconstruction tagging efficiency 
is estimated to be 1.7% including the contribution from the B~ -^ D^*>^lv decays of around 
15% j237j . Other background is mostly combinatoric. Although the tagging quality is not good 
in this case, it is still useful for the study of rare B decays with low track multiplicities in the 
final states. In BaBar, this method was used to search for the B — > Kvv and tv decays |24ip242j 
to provide improved upper limits. 



Conclusions 

In summary, the tagging efficiency will be around 0.2% (0.1%) for the clean hadronic tagging 
for charged (neutral) B mesons, and around 1% for the semileptonic B tagging that has a lower 
purity. The efficiency for the hadronic tagging can be around 0.3% (0.2%) if we loosen the 
selection criteria, with a tolerable decrease in the purity of the tagging. 

With a 1 ab~ of data, there will be at least 2 million clean tags and around 10 million 
semileptonic tags. With these samples, the physics topics listed in Table W?]\ will be studied. 
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Figure 4.1: Beam-constrained mass distribution for B -^ D^*'{tt, p,ai) with the 152 niilhon 
BB sample recorded by Belle. 
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Figure 4.2: Missing mass squared distribution for B -^ D^lv with a sample of 85 x 10^ BB 
pairs. 
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4.2 New CP-violating phase in 6 ^ sqq 

4.2.1 Introduction 

Despite the great success of the KM mechanism, additional CP-violating phases are inevitable 
in most theories involving new physics (NP) beyond the SM j243j . Some of them allow large 
deviations from the SM predictions for B meson decays. Examples include supersymmetric 
grand-unified theories with the see-saw mechanism that can accommodate large neutrino mix- 
ing |17n[l244lll75j . Therefore it is of fundamental importance to measure CP asymmetries that 
are sensitive to the difference between the SM and NP. Additional sources of CP violation 
are also highly desirable to understand the origin of the matter-antimatter asymmetry of the 
universe; detailed studies have found no way that CP violation in the SM alone could explain 
baryogenesis |245j . Many methods to search for a new source of CP violation in B meson decays 
have been proposed up to now. One of the most promising ways is to compare the mixing-induced 
CP asymmetries in the B — > (pKg decay H5] , which is dominated by the b -^ sss transition that 
is known to be sensitive to possible NP effects, with those in the B^ — > J/ipKg decay 68, G^]- 
Ignoring a strong phase difference between the amplitude of NP (^np) and SM (^sm)^, we 
obtain 

_ sin 2(1)1 + 2p sin(2(/)i + Gnp) + p^ sin(2(/.i + 2eNp) ,. „. 

^^^s - i + p2 + 2pcoseNP ' ^ ^^ 

where p = ^npMsm is an amplitude ratio of NP to the SM. Since Sji^j^o ~ sin 201 is expected 
in many extensions of the SM, the difference A5^^o = {—£,f)S^j^o — Sji^j^o is a gold-plated 
observable to search for a new CP-violating phase. 

Recent measurements by Belle |21| and BaBar [20] collaborations yield values smaller than 
the SM expectation; a difference by 2.6 standard deviations is obtained when two results are 
combined. The other charmless decays B^ — > r]' K^ and B^ — > K^ K^ K'g^ which are mediated by 
h — > sss, suu and sdd transitions, also provide additional information [21II29J . The present world 
average (as of August 2003) with B^ — > (i)K^, v'^s ^^*^ K~^K~K'g combined is different from 
the average with B^ — > J/tpK'^ and related modes by 3.1 standard deviations ]246[ as shown 
in Figure 14.31 Possible theoretical implications of these measurements are already discussed in 
Section 13.41 

In this section we describe the expected sensitivities for S{(l)Kg), S{'r]'Kg) and S{K^K~Kg) 
based on the measurements performed with the present Belle detector. It will be crucial to 
measure as many observables as possible and to check correlations among them. Therefore 
we also describe several other new methods to access a new CP-violating phase in the 6 — > s 
transition. 

4.2.2 fiO -^ (l)K% r]'Kl and K+R-Rl 

As mentioned in the previous section, the B^ — > (f^K^ decay is one of the most promising decays 
in which to search for a new CP-violating phase in 5 — > sss transitions. The other charmless 
decays B^ — > rj' K^ and B^ — > K~^K~ K^ provide additional information. As most of the 
experimental procedure for these three modes is common, we discuss them here together. Note 
that the theoretical uncertainties for A5 within the SM depend on the decay mode. We discuss 
this issue in Section [4.2.51 Note also that the three-body decay B^ -^ K^K^K'^ is in general a 
mixture of CP-even and CP-odd eigenstates. The Belle collaboration finds that the K~^K~Kg 
state is primarily ^j = -|-1; a measurement of the ^j = +1 fraction with a 140 fb~^ data set 

^The formula with the strong phase is given in Section f3.4| [Ea. |I3.1UI |1. 
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Figure 4.3: S terms measured with decay modes governed by 6 ^ ccs or 6 — > sss transitions. 



58 



yields 1.03 it 0.15(stat) it 0.05(syst) j2li| . The uncertainty in the CP-asymmetry parameters, 
which arises from the ^f = —1 component, is included in the systematic error. 

We estimate the expected sensitivities at SuperKEKB by extrapolating the present experi- 
mental results. Therefore we first explain Belle's analysis with a data sample of 140 fb~^ '2V . 

We reconstruct B^ decays to (j^Kg and r]'Kg final states for ^f = —1, and B^ -^ K^K^Kg 
decays that are a mixture of ^j = +1 and —1. K^K~ pairs that are consistent with (j) — > K^K'^ 
decay are excluded from the B^ -^ K^K^Kg sample. We find that the K^K^Kg state is 
primarily ^f = +1; a measurement of the S,f = +1 fraction with a 140 fb~^ data set yields 
1.03 lb 0.15(stat) lb 0.05(syst). In the following determination of S and A, we fix ^f = +1 for 
this mode. The intermediate meson states are reconstructed from the following decay chains: 
r/' -^ p^{-^ TT^TT^)^ or rj' -^ 7r+7r^r/(^ 77), Kg -^ 7r~'~7r~, and (/> -^ K^K~ . 

Pairs of oppositely charged tracks are used to reconstruct K^ — > 7r"'"7r~ decays. The 7r''~7r~ 
vertex is required to be displaced from the IP by a minimum transverse distance of 0.22 cm 
for high momentum (> 1.5 GeV/c) candidates and 0.08 cm for those with momentum less than 
1.5 GeV/c. The direction of the pion pair momentum must agree with the direction defined by 
the IP and the vertex displacement within 0.03 rad for high-momentum candidates, and within 
0.1 rad for the remaining candidates. 

Candidate (j) — > K^K~ decays are found by selecting pairs of oppositely charged tracks that 
are not pion-like {P{K/'k) > 0.1), where a kaon likelihood ratio, P{K/tt) = Ck/{^k + ^-k), 
has values between (likely to be a pion) and 1 (likely to be a kaon). The likelihood C^u) is 
derived from dE/dx, ACC and TOF measurements. The vertex of the candidate charged tracks 
is required to be consistent with the interaction point (IP) to suppress poorly measured tracks. 
In addition, candidates are required to have a K^K~ invariant mass that is less than 10 MeV/c^ 
from the nominal (j) meson mass. 

Since the (p meson selection is effective in reducing background events, we impose only mini- 
mal kaon- identification requirements. We use more stringent kaon-identification requirements to 
select non-resonant K^K^ candidates for the B^ -^ K^K^Kg decay. We reject K^K~ pairs 
that are consistent with D^ -^ K+K", XcO -^ K+K', or J ftp -^ K+R- decay. D^ -^ ^s^^ 
candidates are also removed. 

To reconstruct r/' candidates, we first require that all of the tracks have associated SVD hits 
and radial impact parameters \dr\ < 0.1 cm projected on the r-(p plane. Particle identification 
information from the ACC, TOF and CDC dE/dx measurements are used to form a likelihood 
ratio in order to distinguish pions from kaons with at least 2.5o" separation for laboratory mo- 
menta up to 3.5 GeV/c. Candidate photons from ry^^ {v'p'y) decays are required to be isolated and 
have E^ > 50 (100) MeV from the ECL measurement. The invariant mass of 77^^ candidates is 
required to be between 500 MeV/c^ and 570 MeV/c^. A kinematic fit with an 77 mass constraint 
is performed using the fitted vertex of the vt+tt" tracks from the r/' as the decay point. For i]' 
decays, the candidate p^ mesons are reconstructed from pairs of vertex-constrained -k^-k" tracks 
with an invariant mass between 550 and 920 MeV/c^. The rj' candidates are required to have 
a reconstructed mass from 940 to 970 MeV/c^ for the ry^^^ mode and 935 to 975 MeV/c^ for 
r/' mode. Charged K^ candidates are selected for the decay B^ — > r]'K^ based on the particle 
identification information. 

We also reconstruct events where only one of the charged pions has associated SVD hits. In 
this case, the requirement on the impact parameter is relaxed for the track without SVD hits, 
while a higher threshold is imposed on the likelihood ratio. 

For reconstructed B -^ fcp candidates, we identify B meson decays using the energy differ- 



ence AE = E™^ — E^'^^^ and the beam-energy constrained mass M^c = \/ (-^beam)^ ~ (Ps°^)^) 
where E^^^ is the beam energy in the cms, and E'j^^ and p^^ are the cms energy and mo- 
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Mode ^f Nsig Purity Statistical error 

S A 



-JkT 

K+K- 



Kl 



-1 

+1(100%) 

-1 



2400 0.64 
7100 0.55 
8700 0.58 



0.074 0.051 
0.040 0.028 
0.042 0.028 



Table 4.4: Expected numbers of B^ — > fcp signal events, 
the AE-My^c signal region for each fcp mode at 5 ab~^. 
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Figure 4.4: Beam-constrained mass (M^c) distributions for (left) B^ — > 4>K^ 

K~^K~K^, and (right) B^ -^ v'^s decays within the AE signal regioi 

Solid curves show results of fits to signal plus background distributions, and dashed curves show 

the background contributions. 



mentum of the reconstructed B candidate, respectively. The B meson signal region is defined 
as \AE\ < 0.06 GeV for B^ -^ (fjK^g, \AE\ < 0.04 GeV for 5° -^ K+K~K% \AE\ < 0.06 
GeV for 5° -^ r]'{^ Pl)Ks' o^ "O-IO GeV < A^; < 0.08 GeV for 5° -^ r]'{-^ TT+7r-r])K^, and 
5.27 GeV/c^ < Mbc < 5.29 GeV/c^ for all decays. In order to suppress background from the 
e~^e~ — > uu, dd, ss, or cc continuum, we form signal and background likelihood functions, Cs 
and >CbG) from a set of variables that characterize the event topology, and impose thresholds on 
the likelihood ratio Cs/{Cs + >Cbg)- The threshold value depends both on the decay mode and 
on the flavor-tagging quality. 

The vertex reconstruction, flavor tagging and the unbinned maximum likelihood fit to the 
At distributions are the same as those described for the sin2(/>i measurement (Section 14. 6|) with 
B^ -^ J/tpKg decays. By using the identical procedure for both cases, we can reduce the 



"Sj/i^RO etc. 



systematic uncertainties in the differences A^^^^o = ^^^^-o 

After flavor tagging and vertex reconstruction, we expect the signal yields and the purities 
listed in Table lOl 

Figure 14.41 shows the Mbc distributions for the reconstructed B candidates that have AE 
values within the signal region. 

Unbinned maximum likelihood fits yield expected statistical errors on S and A shown also in 
Tableau It is seen that errors are rather small even for these rare B decays. Hence systematic 
uncertainties become crucial. 

Major sources of the systematic uncertainties on S and A are common to those for B^ -^ 
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5 ab"^ 
AS AA 



50 ab"^ 
AS AA 



Mode 



K+K 






0.079 0.055 
0.056 0.036 
0.049 0.035 



0.031 0.024 
0.026 0.020 
0.024 0.019 



Table 4.5: Expected total errors on AS and A^ at 5 ab and 50 ab 



.-1 



J/ipKg, which will be described in Section [4.61 For the K^K^Kg mode, the CP-even fraction 
is expected to be determined more precisely as the integrated luminosity increases. Therefore 
we assume that the systematic uncertainty due to the uncertainty in the CP-even fraction 
is reducible; e.g. it is proportional to l/\/Ctot. An additional systematic error for B^ -^ 
(j)K^ arises from the B^ — > foKg and K~^K~Kg backgrounds. These background fractions 



are estimated at 140 fb ^ from the K^K invariant mass distribution to be 1.6 



+1.9C 
-1.5' 



and 



7.2 lb 1.7%, respectively. We assume that the errors on these fractions will be reduced as the 
integrated luminosity increases. We also assume that the CP- violating parameters for these 
decays are also determined experimentally with errors that will also decrease as the integrated 
luminosity increases. Therefore, the systematic errors on S and A due to these backgrounds are 
also assumed to be reducible. 

Some of the systematic errors cancel when we calculate A^ or AS. For example, the effect of 
the tag-side interference cancels in A^ . j^o and AS^j^o since it causes a bias in the same direction 
for SjjJ^o and Sj/^j^o measurements. On the other hand, a special care on the systematic bias 
from the tag-side interference needs to be taken for AAj^+^^-j^o. In this case, the effect does 
not cancel because the bias has the opposite sign to each other. We use information from 
B^ — > J/ijjK^ decays to reduce this uncertainty on AAx+k-k'^ ■ 

Figure 14.51 shows the resulting total errors on AS and A^ as a function of integrated lumi- 
nosity. Table ESI also shows the corresponding values at 5 ab~^ and 50 ab~^. 

Based on the above estimates, we perform Feldman- Cousins analyses to obtain 5cr discovery 
regions at 5 ab~^ and at 50 ab~^ in the 2-dimensional plane of A and S. Results are shown 
in Figure 14.61 At SuperKEKB, even a small deviation of AS ^ 0.1 can be established with 
a 5(T significance as far as the statistical and systematic errors are concerned. Therefore it is 
important to understand levels of theoretical uncertainties within the SM very well. This issue 
will be discussed in Section 14.2.51 



4.2.3 B^ 



K'^s^sK'^s and tt'^K^s 



In this section we discuss the feasibility of time-dependent CP asymmetry measurements using 
only a Kg and a constraint from the interaction point to determine the B decay vertices. In 
particular, we consider B^ — > K^K^Kg and t^^K^ decays as the most promising modes in this 
class of decays to study a new CP-violating phase in 6 — > s transitions (another important 
mode B^ — > K*^{^ KgiT^)j is discussed in Sec. 14.3.51) . Recently, the BaBar collaboration has 
succeeded in measuring the B decay vertex in B^ -^ Kgir'^ j247j . The possibility of obtaining 
B vertex information from Kg mesons makes time-dependent analyses of these decays feasible. 
Recently it was pointed out ^248^ that in decays of the type B^ — > P^Q^X^, where P^, Q^ 
and X^ represent any CP eigenstate spin-0 neutral particles, the final state is a CP eigenstate. 
First we give a brief proof of this statement. In what follows, L denotes the angular momentum 
of the P^Q^ system, and L' denotes the angular momentum of X^ relative to the P^Q^ system. 
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Figure 4.5: Expected total errors on AS (top) and A^ (bottom) as a function of integrated 
luminosity. 
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Figure 4.6: ha confidence regions for A and S in (left) B^ — > 4>K'^^ (middle) B^ -^ K^K 
and (right)-B'^ -^ v'^s decays at 5 ab^^ and 50 ab~^. Input values are S = 0.73 and ^ = 






By conservation of angular momentum in the decay B^ -^ P^Q^X^, we obtain 



Jgo = L + L + Spo + Sqo + Sjjfo 
= L + L', 



(4.4) 
(4.5) 



since the neutral B meson is a spin-0 particle, as are P^, Q^ and X^. In the above equations, J, L 
and S represent the total, orbital and intrinsic angular momentum, respectively (and elsewhere 
J, L and S represent their magnitudes). Therefore, the angular momentum between the P^Q^ 
system and X^ {L') must be equal to L, and we can write down the CP of the P^P^X^ system: 



CP (P°Q°X°) = CP (P°) X CP (q°) X CP (x° 

CP (x°) 



-1)^ X (-1)^' 



CP (P° j X CP [Q^ 



(4.6) 
(4.7) 



KiKlKl is 
-ff^, since the 



Thus there are many three-body B decays that can be used in time-dependent CP asymme- 
try measurements without any angular analysis. In particular, the decay B^ ■ 
promising. In terms of phenomenology, it has an advantage over B^ — > K^K 
latter includes a contribution from the b ^ u tree diagram, which has a different weak phase. 
Although this contribution ("tree pollution") is expected to be small as will be discussed in 
Section I4.2.5( it might be an issue at SuperKEKB. In the case of B^ -^ KgKgKg, however, 
there is no u quark in the final state. The b — > suu tree diagram followed by rescattering into 
sdd or sss is OZI-suppressed. Therefore these are almost pure penguin decays. There can be 
contributions from both b — > sss with additional dd production, and b — > sdd with additional 
ss production, but these diagrams have the same weak phase. Any new physics contribution 
expected in the B^ -^ ^^s decay can also affect B^ -^ KgKgKg, and in the absence of new 
physics it should exhibit the same CP violating effects as J/xpKg. 

Turning to experimental considerations, we note that this mode has been observed at 
Belle ISni- From 78 fb~ of data recorded on the T(4S') resonance, 12.2^'^3'g signal events 
are found. From Figure 14.71 (left), we can count the number of candidates in the region 
—0.1 GeV < AE < 0.1 GeV, to estimate the signal purity. There are 21 candidates in this 
region giving a purity of ~0.6, which is approximately the same purity as rj'K^. The efficiency 
to reconstruct a Kg vertex reflects the probability for the K'^ to decay inside the vertex detector, 
and so depends on the Kg momentum and on the size of the vertex detector. In a three body 
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B^ -^ KgKgKg decay, at least one K^ must have fairly low momentum in the B^ rest frame. 
Therefore, we expect a high vertex efficiency for B^ — > KgKgKg, if the vertex efficiency for 
B^ -^ KgiT^ (where the Kg has high momentum) is moderate. In the time-dependent analysis 
of B^ — > KgTT^ by the BaBar collaboration, a vertex efficiency of 65% is obtained |247j . Since 
the size of SuperKEKB vertex detector is comparable to the BaBar SVT, we expect that vertex 
efficiencies for B^ -^ KgKgKg of close to 100% may be obtained. Using these assumptions, we 
estimate the statistical error on Sj^oj^oj^o) to be 

^^rOrOro = 0.14 (at 5 ab^i) 
^SkOrOro = 0.04 (at 50 ab"^). ^ ' ' 

The authors of |249j claim that Kstt^ is one of the gold-plated modes to study a new CP- 
violating phase in the 6 — > s transition. As mentioned before, the BaBar group recently showed 
a preliminary result on the time-dependent CP asymmetries in this decay, demonstrating the 
feasibility of measuring the B meson decay point using only a Kg and the interaction point 
constraint. 

Belle's result based on 78 fb~^ of data is shown in Figure 14.71 (right). The signal yield 
is 72.6 lb 14.0. Since this estimation includes the tail region in the AE distribution where 
rare B decay backgrounds are not negligible, a more stringent selection is necessary for the 
time-dependent CP asymmetry measurements. Using \AE\ < 0.1 GeV and assuming a vertex 
reconstruction efficiency of 50%, the signal yield with reconstructed vertices at 5 ab~^ is ~1900 
for a purity of 0.46. Based on these numbers, we obtain 

SS^ouro =0.10 (at 5 ab"^) 
SS^oko = 0.03 (at 50 ab"^). ^ ' ^ 



4.2.4 B^ - 

In this section we discuss a new method to study direct CP violation that arises from a new 
CP-violating phase in B — > (jycpXf^ decays |251j . Here X^ represents a final state with a 
specific strange fiavor such as K^ or K*^. These non-resonant direct decay amplitudes are 
dominated by the b — > sssss transition. A contribution from the b — > uus transition followed 
by rescattering into sss is expected to be below 1% because of CKM suppression and the OZI 
rule 125 Ij. In these decays, when the invariant mass of the (pep system is within the r]c resonance 
region, they interfere with the B — > r]c{^ (f)(f))Xf- decay that is dominated by the b — > ccs 
transition. The decay width of r]c is sufficiently large |58ll252j to provide a sizable interference. 
Within the SM, this interference does not cause sizable direct CP violation because there is no 
weak phase difference between the b — > sssss and the b -^ ccs transitions. On the other hand, a 
NP contribution with a new CP-violating phase can create a large weak phase difference. Thus 
large CP asymmetries can appear only from NP amplitudes, and an observation of direct CP 
violation in these decays is an unambiguous manifestation of physics beyond the SM. 

Although the same argument so far is applicable to the B^ -^ 4'Xf^ decays, there is no 
guaranteed strong phase difference that is calculable reliably for these decays. In contrast, 
the Breit-Wigner resonance provides the maximal strong phase difference in the case of B — > 
{4"P)mr^mr,^Xf^ decays. Since present experimental knowledge of the decay rate for b — > sss is 
still limited, a large CP asymmetry up to 0.4 is allowed. 

The Belle Collaboration recently announced evidence for B -^ cfxpK decays j253j . The signal 
purity is close to 100% when the (pcj) invariant mass is within the r]c mass region. Belle |252j 
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Figure 4.7: (left) Observation of B^ 
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j30j . From 78 fb of data recorded on 



the T(4S') resonance, a signal yield of 12.2_3^g is obtained, leading to a branching fraction of 



B (5° ^ Km^ 



(4.2+IJ ibO.s) X 10-6. (right) Observation of S° ^ K^tt" [150]. Prom 

78 fb"^ of data recorded on the T(45) resonance, a signal yield of 72.6ib 14.0 is obtained, leading 
to a branching fraction of B (S° -^ K^K^K^) = (11.7 ± 2.3+^;^) x 10"^ 
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Figure 4.8: Expected sensitivities on direct CP violation in the B — > (j)(j)K decay at 5 ab^"*^ 
(dotted line) and at 50 ab~^ (solid line). In the regions above the curves, direct CP violation 
can be measured with a 5(T significance or larger. 

has also reported the first observation of the B^ -^ f]cK*^ decay. This implies that other modes 
such as B^ — > r]cK*~^ will also be seen with a similar branching fraction, so that we will be able 
to study semi-inclusive B^ — > rjcXf^ transitions experimentally. The semi-inclusive branching 
fraction of B^ — > rjcXf is not yet measured, but is expected to be comparable to the branching 
fraction of the semi-inclusive decay B^ — > J/ipXf^ |2541l255ll256j . 

We have performed Monte Carlo simulation for the B — > (f)(f)K decay and estimated 
statistical errors on the CP asymmetry parameter. The procedure and the fit parameters are 
the same as those described in |251| . The reconstruction efficiency and the (pep mass resolution 
are estimated using a GEANT-based detector simulator for the present Belle detector |257| . 
We perform an unbinned maximum-likelihood fit to the differential decay rate distribution. 
Figure ESI shows the 5cr search regions at 5 ab^^ (dotted line) and at 50 ab~^ (solid line), where 
r^ is the ratio between the NP amplitude and the SM amplitude, and 0np is the CP-violating 
phase from NP. Direct CP violation can be observed in a large parameter space with significance 
above ba. 

Figure EHl shows the expected significance of the new phase Onp at 5 ab^^ for B -^ (jxpK 
decay (r^ = 0.5) and for time-dependent CP violation in the B^ — > (pK^ decay (|Anp/^smP = 
0.5). 

The significance for A5j,j^o depends on the sign of Gnp, which is not the case for the 
B — > (l)(pK decay. The sign dependence arises from an asymmetric range for A5j,^o ; to a good 
approximation, we have —1 — sin2(/)i < AS < 1 — sin2i;^i where sin2i;^i = +0.736 it 0.049 |246j . 
Therefore the B -^ cpcpK decay plays a unique role in searching for a new CP-violating phase. 

Experimental sensitivities can be improved by adding more final states. The technique 
to reconstruct Xs, which has been successfully adopted for the measurements of semi-inclusive 
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Figure 4.9: Expected statistical significance of deviations from the SM for direct CP violation 
in the B^ — > cpcpK^ decay with r^ = 0.5 (solid line) and for time-dependent CP violation in the 
B^ -^ 4>Kg decay with I^np/^smP = 0.5 (dashed line). For each case, significance is calculated 
at 5 ab"-*^. 

B -^ Xgii transitions '^U\, can be used for this purpose. Flavor-specific neutral B meson decays, 
such as B^ -^ (f)(f)K*^{-^ K'^tt"), and other charmonia such as the XcO -^ 4"^ decay can also be 
included. 

4.2.5 Discussion 

As is discussed in the previous sections, statistical errors in new phase measurements can be at 
a few percent level at SuperKEKB. Figure 14.101 shows an example of a fit to events in a MC 
pseudo-experiment for the B^ -^ ^^s ^^^ J/i^^s decays at 5 ab~^, where the input value of 
S{(j)Kg) = -1-0.24 is chosen to be the world average value of the S term for B^ -^ 4>K^, v'^s 
and K+K-K^. 

This level of large deviation can easily be observed only with a single decay channel B^ -^ 
4>I^s ^^ SuperKEKB. Combining all the available modes described in the previous sections allows 
us to measure a deviation of ~ 0.1. At this level, even the SM may be able to create non-zero 
values of AS. Therefore it is important to evaluate AS within the SM. 

Grossman, Isidori and Worah ^7\ analyzed the possible pollution in the B^ -^ 4>K^ decay, 
which comes from the h — > uus transition that contains Vub- They estimate that the pollution 
is at most O(A^) ~ 5%. In addition, they claim that the upper limit of the pollution will be 
obtained experimentally from the ratios of branching fractions B{B^ — > (f)'K^)/B{B^ -^ 4^Ks) 
and B{B^ — > K*K~^)/B(B^ -^ fp^s)- This is due to the fact that enhancement of 6 ^ uus 
should also be detected in these modes. Therefore they conclude that new physics is guaranteed 
if \AS{(pK^)\ > 0.05 is established. 

For the B^ —>■ r]'Kg decay, London and Soni ^^ discussed the tree (6 —>■ uus) pollution by 
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evaluating T{r]'Ks)/P{'n'Ks) = T{r]' Ks)/T{'k+t:-) x T{'K+-K-)/P{r]' Ks), and concluded that 
manifestation of new physics is established if \/S.S{ri'K'^)\ > 0.1 is observed. 

The above studies aim at providing estimates of the possible deviation within the SM based 
on some models of QCD. A different approach has recently been proposed by Y. Grossman, 
Z. Ligeti, Y. Nir and H. Quinn j2Sj. They do not rely on specific QCD models but instead 
use SU(3) relations to estimate or bound the contributions to these amplitudes proportional to 
^ub^us^ which induce a non-zero S value within the SM. At present, the power of the method 
is limited by the uncertainties on branching fractions of charmless two-body decays. As a 
result, they conclude that A5(0Kg) < 0.25, A5(i^+iC-iCg) ~ 0.13 and l^S{r]'Kf) < 0.36. 
As data improve, these bounds could become significantly stronger. Taking these theoretical 
considerations into account, we conclude that SuperKEKB can provide precision measurements 
of AS up to the limit of hadronic uncertainties, which will be a few percent level. 
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4.3 6 ^ S7 and b -^ s£+£~ 

4.3.1 Introduction 

In this section, we discuss the radiative and electroweak processes b -^ s{d)j and b — > s{d)i^i^ . 
The corresponding exclusive decays are B — > K*{p)^ and B — > K^*'t^l~ . Due to the GIM 
mechanism, the radiative process b ^> sj starts at one-loop order, but still has a large branching 
fraction because of the non-decoupling effect of the top quark loop and the large CKM factor 
VtbVts ■ The other processes, b — > s£~^i~ and b -^ d'y, are suppressed with respect to 6 ^ S7 
by two orders of magnitude mainly due to additional Oem and |Vtrf/Visp factors, respectively; 
b — > d£^i~ is suppressed by four orders of magnitude due to both of them. These decay 
processes are sensitive to new physics effects that are predicted in extensions to the Standard 
Model. Moreover, new physics effects from flavor changing neutral interactions contribute to 
b -^ s{d)'y and to 6 ^ s{d)i^i~ in a different way. Typically in the former case new physics 
effects always appear at a one-loop or higher orders, while in the latter process they may arise 
at the tree-level, i.e., violating the GIM mechanism. Therefore, even if no new physics effect is 
found in 6 ^ 57, there could be a significant effect in 6 ^ s{d)i'^i~ . 

The b ^ sj process was first observed by CLEO a decade ago and has been extensively 
studied since then. The b — > sl^i~ process has recently been measured first by Belle and later 
by BaBar. The measured branching fractions are consistent with Standard Model predictions. 
No 6 — > (i7 process has been measured yet, but it is expected to be observed sooner or later. 
With a much larger data sample expected at SuperKEKB, it will become possible to measure 
various distributions and asymmetries accurately enough to observe possible deviations from the 
Standard Model, in addition to significant improvements in branching fraction measurements. 
Various properties of b ^ d transitions can also be measured. These measurements will be 
essential in order to understand the parity, chirality and Lorentz structures that may differ 
from the Standard Model, before, and especially after, the discovery of new physics beyond the 
Standard Model, elsewhere if not in these decays. 

The major targets of SuperKEKB for these decays are as follows. 

1 . Precision test of the Standard Model with improved accuracy, 

2. search for a deviation from the Standard Model in various distributions, e.g. in the forward- 
backward asymmetry of -B ^ K*i'^i^ , 

3. search for a lepton flavor dependence of 6 ^ si~^i~ , 

4. measurement of mixing induced CP violation in 6 — > S7, 

5. search for direct CP violation in B -^ K*j, and 

6. study of flavor changing transitions in the b ^ d sector, i.e. B ^ p-y, and hopefully an 
exclusive b — > d£~^£~ processes such as i? ^ 7r£+£~. 

Both exclusive and inclusive modes are useful to test the strong interaction in weak decays. 
In the past decade, perturbative QCD corrections to the radiative and electroweak B decays 
were computed beyond the leading order which leads to the predictions with higher accuracy 
j2f)8j . The theoretical errors from this part are reduced to a few percent level coming from 
the renormalization point dependence and a charm quark mass uncertainty. To include non- 
perturbative effects for inclusive decays, we may apply the heavy quark expansion. The photon 
energy spectrum dV/dE^ in 6 ^ S7 is sensitive to the non-perturbative effects, e.g. Fermi- 
motion effects that are encoded in the shape function of the B meson. Such non-perturbative 
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effects can be determined by measuring the moments of the photon energy spectrum. Because 
the structure function is process independent, we can apply the one determined in 6 — > S7 to 
other inclusive modes such as B ^ Xsi~^i~ |259j . As for the exclusive processes, there remain 
large uncertainties from the form factors of the hadronic matrix elements; these form factors 
have usually been calculated using QCD sum rules, for which no clear idea on how to reduce 
their errors is available. The situation might improve by using a new approach with lattice 
QCD. It is usually thought that a large fraction of uncertainty is canceled by measuring a ratio 
or an asymmetry of two decay rates. Experimental information is essential to check the various 
theoretical models, to evaluate the size of the errors especially for cases where the uncertainties 
are expected to cancel. 

Predictions for exclusive rare B decays by factorization, perturbative QCD (PQCD), light- 
front QCD, lattice QCD and other models can be compared with the experimental data. This 
certainly improves understanding of the weak decays of B mesons. Interestingly, a complete 
understanding of the long-distance effects in B ^ Xgl'^l^ is not yet available. This effect comes 
from the the decay chains B -^ J /ij){Tp')Xs -^ i~^i~Xs j26Uj . By measuring the dilepton mass 
squared distribution near the charmonium resonances, we may study the long-distance effects 
experimentally. 

In order to search for or constrain so many predictions from extensions of the Standard 
Model described above, a model independent study is a useful approach. New physics effects may 
appear as a modification to the short-distance couplings, which can be expressed as modifications 
to the Wilson coefficients. The 5 ^ S7 transition is sensitive to the coefficient Cj for the bsj- 
coupling and to a lesser extent to Cg for the fos^-coupling through higher order corrections; the 
b — > si'^l^ transition is sensitive to Cg and Cio for the vector and axial-vector 6s^'^^~-coupling 
in addition. 

One can further generalize this approach J19()|I192] . New physics effects that may affect 
6 — > 57 can be parametrized by four types of interactions, which include two types oi b ^ sg 
interactions and two types of 6 ^ 57 transitions. In addition to these, there are four Fermi- 
interactions with the form of the bilinear products of bs and i~^i^ . They can be parametrized by 
12 types of interactions in B ^ Xsi~^i~ |19nj . With the data at SuperKEKB, we can improve 
the situation and may pinpoint the new physics effect in a model independent way, which covers 
a wider class of models than the present analysis. 

Among the various interesting aspects of these decay channels, we select the following ob- 
servables that will be tested with SuperKEKB: the B -^ Xg'j inclusive branching fraction, the 
forward-backward asymmetry oi B ^> K*i^i~ , the ratio of i? — > Kfi~^fi~ to B ^ Ke^e~ , the 
mixing induced CP asymmetry in i? ^ K*j, and the direct CP asymmetry in B ^ Xs'j- 

4.3.2 B -^ Xs'j branching fraction 

The excellent agreement between the measured B -^ Xsj branching fraction and the theoretical 
prediction, within about 10% accuracy both for the measurement and theory, has constrained 
various new physics scenarios; for example, the charged Higgs constructively interferes with the 
SM amplitude, and its mass must be above 3.5 TeV if no other new physics contribution cancels 
the enhancement. Neither the measurement nor theory errors can be reduced substantially due 
to systematic uncertainties. Therefore one can not expect to measure a significant deviation in 
the near future. Nevertheless, improved measurements of i? — > ^^7 are extremely important 
to fix the magnitude of the Wilson coefficient C7 and the photon energy spectrum for other 
measurements. 

The theoretical uncertainty, which is now determined by the accuracy of the next-to-leading- 
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order corrections, is expected to be reduced down to 5% when all next-to-next-to-leading-order 
corrections are included. The work is on-going, and is expected to be completed within a few 
years. 

There have been two techniques to measure B -^ Xsj: a fully inclusive method just to tag 
the photon in which the background subtraction is the main issue, and a method of summing 
up exclusive modes, in which the extrapolation to the un-measured modes is the key issue. The 
former method has several options; to eliminate backgrounds we can either require a lepton-tag 
or a full-reconstruction tag for the other side B, if it is not statistically limited. The latter 
method gives more stringent constraints, but is seriously affected by the hadronization model 
uncertainty that makes it unsuitable for a precision measurement. 

The measurements are currently limited by a systematic error that arises from a minimum 
photon energy requirement typically at 2.0 GeV. One can in principle reduce the systematic 
error to 5% by reducing the minimum photon energy requirement close to 1.5 GeV. This is 
not a straightforward task, however, since the background increases rapidly in the lower photon 
energy range while the signal decreases, as shown in Figure B.llI Typically, twice as much data is 
required to decrease the minimum photon energy by 0.1 GeV while keeping the same statistical 
error. Therefore, B — > Xgj is a suitable measurement at SuperKEKB; scaling from the currently 
available results, about 5 ab~ on-resonance plus 0.5 ab~ off-resonance data will be needed to 
decrease the photon energy requirement down to 1.5 GeV and to reduce the statistical error to be 
a half at the same time, so that the total error becomes around 5%. The dominant background 
is from continuum, which can be reliably subtracted using the off-resonance sample. The second 
largest background is from B — > ir^X (and rjX), which can be also subtracted using a photon 
energy spectrum inferred from a measured vr'^ momentum distribution. The problematic part 
will be the background from neutral hadrons (i^£, neutrons and anti- neutrons), for which control 
samples of e'^e~ — > (j)'y, (f) — > K^K^ and inclusive A (A) events have to be studied. 

4.3.3 B —^ K*i~^i~ forward-backward asymmetry 

The forward-backward asymmetry in S — > K*i'^i^ , defined as 

™^'^ ' N{q^- Bb,^ > Ob,-) + N{q^- Qbi^ < Ob,-) ' ^ ' ^ 

is an ideal quantity to disentangle the Wilson coefficients Cg and Cio together with the sign of 
C-j. 

As discussed in Section HT^l in a SUSY scenario the sign of the b ^ s'y amplitude (C7) can 
be opposite to the Standard Model prediction, while the transition rate may be the same as 
in the Standard Model. This case can be discriminated by measuring the forward-backward 
asymmetry of -B ^ Xsi~^i~ or i? — > K*i'^£^. Within the Standard Model, there is a zero 
crossing point of the forward-backward asymmetry in the low dilepton invariant mass region, 
while the crossing point may disappear in some SUSY scenarios. Another important new physics 
effect can be searched for by using the B — > K*i~^i~ forward-backward asymmetry. In a model 
with SU{2) singlet down-type quarks, tree-level Z flavor-changing-neutral-currents are induced. 
In this case, the larger effect is expected on the axial- vector coupling (Cio) to the dilepton than 
on the vector coupling (Cg). Because the forward-backward asymmetry is proportional to the 
axial-vector coupling, the sign of the asymmetry can be opposite to the Standard Model. The 
same new physics effect is also effective for B^ -^ 4'^s where anomalous mixing-induced CP 
violation can occur. A correlation is expected between b — > si~^i~ and b — > sss. 

The forward-backward asymmetry is roughly proportional to Cio(2C7 -|- Cgs). In the SM, 
C7 is about —0.3 and Cg is about 4, so this function crosses zero around s ~ 0.15, or q'^ ~ 
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(3.5 GeV/c^)^. Figure H. 121 shows the expected ^fb at 5 and 50 ab^ . It can be seen that this 
crossing pattern of the forward-backward asymmetry wih be already visible at 5 ab~ , and will 
be clearly observed at 50 ab~ . The fitted curves in Fig. 14.121 have empirical functional forms 
that are proportional to Cio{2C7 + Cqs). From these fits, it is possible to disentangle Cio and Cg, 
if the size of C7 is fixed using b — > sj. From a fit to the 50 ab~ sample, we obtain 6Cg = 0.43 
and 6C10 = 0.59, or roughly 10% and 14% errors, respectively. The uncertainty due to C7 is 
small. We note that a more realistic fitting function that includes all next-to-next-to-leading 
order corrections and form factors is needed. The result will be improved by combining it with 
a i? — > Xs£~^i~ branching fraction measurement and q^ fit results, which will only be possible 
at e'^e~ S-factories. 

4.3.4 B — » Kfi'^fi~ versus B -^ Ke^e~ 

Branching fractions for the exclusive decays B -^ K^*'i^i~ have already been measured to be 
consistent with SM predictions. The measurement error is already smaller than that for the 
theory. Theory predictions suffer from large model dependent and irreducible uncertainties in 
the form- factors of at least ±30%, and the currently available predictions vary by a factor of 
two or more. However, one can still utilize the measurements in such a way that the theory 
uncertainties cancel. 

In new physics models with a different Higgs sector from that of the Standard Model, scalar 
and pseudo-scalar types of interactions may arise in 6 — > si^i~. Depending on the lepton 
flavor i = e and i = fi, the new physics effects can differ. By measuring Rj^{*) = B{B -^ 
K^*>fj,'^fi^)/B{B -^ K^*>e^e~), such new physics effects can be searched for. A particular 
example can be found in a minimal supergravity model |192ll26l] . 

In the SM, the branching fractions for B — > Ke~^e~ and B — > Kfi^fi^ are predicted to be 
equal except for a tiny phase space difference due to the lepton masses. For B — > K*i~^i~ modes, 
the branching fraction for B -^ K*e~^e~ is larger than B — > K*fi~^fi~ for small dilepton masses, 
due to a larger interference contribution from B — > K*'y in i? — > K*e~^e~ . However, this situation 
may be modified in the models mentioned above, in which a neutral SUSY Higgs contribution 
can significantly enhance only the B -^ K^*'ji'^ii~ channel if tan/3 is large. Therefore, the ratio 
Rk = B{B -^ K ^'^ ^^ ) / B{B — > Ke'^e~) is an observable that is sensitive to new physics if it is 
larger than unity. 

From current Belle results on the branching fractions, we obtain Rk = 1.0 it 0.4 or Rk < 1.7 
(90% CL). The error on Rk is currently dominated by the statistical error, and the error will 
simply scale with the luminosity even at 50 ab~ . The expected error is 



5Rk = 0.07 (at 5 ab"^ 
6Rk = 0.02 (at 50 ab 



u (4.11) 



The systematic error in the ratio is dominated by the error on the lepton identification efficiency, 
which will still be much smaller than the statistical error even at 50 ab~ . 

Since the b -^ si~^£~ transition diagram is equivalent to Bg -^ ij,~^n~, there already exists 
a bound from the CDF's limit, which corresponds to Rk < 1.6. However, this limit is model 
dependent unless Bg — > e+e" is observed, which is very unlikely. 

4.3.5 Mixing induced CP asymmetry in i? — > K*^ 

Mixing-induced CP asymmetry in 6 ^ 57 is an excellent window to study a new phase that may 
also be observed in the hadronic transition b -^ sss. The CP asymmetry parameter Sk'^j is 
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Figure 4.12: Forward-backward asymmetry in i? — > K*i'^i at 5 ab (top) and 50 ab 
(bottom). 
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Figure 4.13: B^ -^ K*^-^, K*^ 
distribution (right). 



K^TT^ signal with 78 fb ^ (left) and the radial K^ decay vertex 



expected to be O^rris/mi,) in the SM within an error of a few percent, and any deviation would 
be a sign of new physics. 

For example, the existence of the neutrino mass suggests that the left-right symmetry is 
restored at a higher energy, while parity is spontaneously broken at a low energy. In left-right 
symmetric models, the helicity of the photon from b ^ sj can be a mixed state of two possible 
photon helicities, while the left-handed photon is dominant in the Standard Model. This case 
can be tested by using the mixing induced CP asymmetry in 6 — > 57. It can also be checked by 
measuring the azimuthal angle distribution of -B ^ K*i^i~ j2UUj . 

In order to measure the mixing-induced CP asymmetry, a suitable CP final state is needed. 
The final state B^ — > K*^^, K*^ — > K^tt^ is such a CP eigenstate, and the technique for 
the sin 201 measurement is applicable. This mode was previously considered to be technically 
challenging due to the detached Kg decay vertex; however, it is now found to be feasible from 
recent studies of i? ^ ^s''^^^ ^^ ^'^^ requires hits for the Kg -^ vr^vr^ tracks in the silicon vertex 
detector. 

Although the branching fraction for B^ — > K*^^ is sizable (~ 4 x 10^^), the number of events 
in the Kgir^'y final state is rather limited due to its small sub-decay branching fraction and a 
low efficiency. However, the signal is clearly observed already at 78 fb^ as shown in Fig. 14.131 -a. 

The efficiency for the current data is about 1%. Assuming that the efficiency is unchanged 
for SuperKEKB, one expects about 2 x 10'^ (2 x 10'*) events at 5 (50) ab~^. The useful events 
with at least two hits in the present Silicon Vertex Detector (SVD) must have the decay vertex 
within about 5 cm in radius, which corresponds to a half of the total, as shown in Fig. 14.131 -b. 
This will increase to about 70% for a radius of 9 cm. Using the result of -B ^ v'^s^ which 
has a similar signal-to-noise ratio, and assuming that a worse At resolution in K^ir^j than in 



ri'K; 

anticipated statistical error of the S term is 



g would be compensated by the expected better SVD performance for SuperKEKB, 



the 



SSk'-j = 0.14 (at 5 ab-i), 
6SK*-y = 0M (at 50 ab"^). 



(4.12) 



There are other exclusive decay channels for the mixing-induced CP asymmetry study in 
which no difficulty exists in the vertex reconstruction. One possible channel is B^ -^ Kg(/)j for 
which a 3a signal is already observed {5a signal is observed for the corresponding charged decay 
B^ — > K~^(j)'y). Since Kgcpj is not a CP eigenstate, one has to perform an angular analysis. 
From the past experience with B -^ J/ipK*^, we obtain an error of 0.63 with 89 events. At 
5 (50) ab~ , we expect 150 (1500) Kg(pj events that will lead to an error of 0.5 (0.15) in the 
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S term, and it therefore becomes interesting with 50 ab^ or more. The other possibihty is 
to use higher resonances, namely B — > i^i(1270)'^7, iCi(1270) -^ K^p^. However, this is now 
considered to be difficult, because these modes have not been observed yet and one has to 
disentangle them from i^i(1270) -^ K*'^Ti^ that has the same ir^vr+vr" final state. 

4.3.6 B -^ Xs7 direct CP asymmetry 

The direct CP asymmetry for B — > Xs^ is one of the quantities with theoretical uncertainties 
smaller than experimental errors. The predicted SM CP asymmetry is Acp = 0.0042 Iq 0012 
|262j . while its magnitude could be above 10% in many extensions of the SM. Therefore, a large 
space remains to be explored. 

The sensitivity at SuperKEKB can be obtained by extrapolating the latest Belle results, 
Acp{B -^ Xs^) = —0.004 lb 0.051 (stat) ± 0.038(syst). This measurement was performed by 
summing up exclusive modes, Xg -^ Kn{Tr) (n = 1 to 4) and Xg -^ KK'^K~{7r), where K is 
a K or K'^ and most one vr^ is allowed. This method has an advantage of suppressing the 
B -^ X^'j contribution to a negligible level. Another method that uses the inclusive photon and 
tags the charge by an additional lepton, cannot distinguish the B — > X^^ contribution; however 
it is an another interesting subject because of the partial sensitivity to the B — > X^j channel. 

The SM prediction for the combined asymmetry A'^p '^ is essentially zero, in contrast to 
Acp for b ^ sj alone. This is because b ^ sj and b ^ d'y contribute to A'^p '^ with an 
opposite sign and practically with an equal magnitude, which is a consequence of the unitarity 
of the CKM matrix, the small mass difference mg — rud and the real Wilson coefficient cj |l2] . 



In models beyond the SM, A^Jp '^ can be non-zero, and is usually dominated by the 5 — > 57 
component. In addition, the contributions to A'^^p '*' from b ^ sj and b ^ dj can have the 
same or opposite sign J26;-{|I2()4(I262J . 

Although the systematic error is not much smaller than the statistical error, most of the 
systematic errors are limited by the statistics of the control samples and hence can be reduced 
with a larger statistics. Note that systematic errors in the tracking efficiency and particle 
identification cancel in the asymmetry. The breakdown of the errors at 140 fb~ are, from the 
signal shape (~ 0.008) partly due to the uncertainty in the M{Xs) spectrum and partly due to 
the multiplicity distribution, from the possible Aqp in the charmless B decay background (0.02), 
and from a charge asymmetry in the background suppression requirements (0.029). The M{Xs) 
shape and charmless contributions will be known better with more data, and other errors just 
scale with the statistics. The irreducible model error of the first error is about 0.003, giving the 
expected errors of 

dAcp{at 5 ab"^) = ±0.009 (stat) ±0.006 (syst), 

SAcp{at 50 ab"^) = ±0.003 (stat) ±0.002 (syst) ± 0.003 (model). ^ ' ^ 

Therefore, at 50 ab^ , the measurement is more or less limited by the systematic error. While it 
is still insufficient to measure the predicted SM asymmetry beyond a la significance at 50 ab~ , 
this precision is sufficient to observe a CP asymmetry of ~ 0.03 with a 5cr significance. 

4.3.7 b^dj and b -^ di+i' 

Finding new physics effects in a 6 — > d transition may be easier than in a 6 ^> s transition because 
the Standard Model amplitude is suppressed in the 5 — > d transition. Therefore, measurements 
of the decay rates of B ^ p^ will be a good test of the Standard Model. By combining 
iVtrfVfft I measured in the B^-B^ mixing, we can search for new physics effects in the b ^f dj 
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Figure 4.14: Breakdown of the expected B -^ Xs"f exclusive modes: Kt:^ other than 
KirTT'j, KiriTTTj, KTrmnr^, and KK~^K~^ from left-top to right-bottom. 



B -^ K*-f, 



mode 


5 ab"^ 


50 ab"^ 


BiB ^ X,7) 


5% 


5% 


Acp{B ^ X,7) 


0.009 © 0.006 


0.003 © 0.002 © 0.003 


Mixing induced 5;^:.^ 


0.14 


0.04 


Rk{B -^ K£+£-) 


0.07 


0.02 


Afb{B -^ K£+£-) 






Cg from Afb{B -^ K*£+£-) 


32% 


10% 


Cio from Afb{B -> K*£+£-) 


44% 


14% 



Table 4.6: Summary of the expected errors for b -^ s{d)^ and b — > s£~^£ at SuperKEKB. 

transition j265j . In the SM, b ^ s'j and b ^ dj are both mediated by a common Wilson 
coefficient, cy. This is also true in any model with a minimal flavor- violating framework i.e. 
where flavor changing interactions are determined by the CKM angles. However, in models 
with tree-level FCNCs, Cj for b ^>- d'j can differ from C7 for b — > S7. Examples include SUSY 
models with gluino mediated FCNCs |266j and models with a non-unitary CKM matrix |264j . 
Since the Standard Model prediction for the -B — > p7 branching fraction suffers from a large 
model-dependent uncertainty, ideally it is necessary to measure the inclusive rate for B — > X^7. 
Although it has yet to be measured, the b ^ dj process will provide various interesting new 
physics probes. 

4.3.8 Summary 

We have discussed various decay channels of 6 — > s{d)j and b -^ s£^£^ that are good probes of 
new physics effects. The sensitivity results are summarized in Table IHH 
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Decay 


SM Prediction 


Belle (60 fb"^) 


BABAR (81 fb-^) 


S± -^ e±i/ 


9.2 X 10"^^ 


< 5.4 X 10"^ 




5± -^ /i±i/ 


3.9 X 10-'^ 


< 6.8 X lO"'* 


< 6.6 X 10"'^ 


B^ ^ r±i. 


8.7 X 10-^ 




< 4.1 X 10^"^ 



Table 4.7: SM predictions and current experimental limits from BELLE/BABAR. 



4.4 More than one neutrino 1: B ^ K^*^vv and B 



TV 



4.4.1 Introduction 



In the Standard Model the rare FCNC decay h — > svv proceeds at the one-loop level through 
penguin and box diagrams. Additional new physics heavy particles may therefore contribute to 
this decay mode, leading to significant enhancements of the branching fraction. Since the final 
state leptons do not have electric charge, this mode is not affected by long distance effects 
from vector resonances (p, J/V', V'' 6te.) and its theoretical predictions are cleaner than those 
for h -^ sl~^l~. The inclusive branching fraction is estimated to be 4 x 10^^ |2671I268] for the 
sum of three neutrino flavors, whereas the exclusive branching fractions are predicted to be 
Br{B- -^ K-vv) « 4 X 10"^ |M|- 

However, the experimental measurement of 6 — > suv is quite challenging due to two missing 
neutrinos. The best inclusive limit to date is from ALEPH Br{h -^ svv) < 6.4 x 10~^ |27Uj . 
and a limit of < 2.4 x 10~^ at 90% confidence level on the exclusive branching fraction of 
B — > Kvv was set by CLEO j271j . BABAR has recently reported a preliminary upper limit 
Br{B -^ Kvv) < 7.0 x 10~^ |272j . At SuperKEKB, measurements of these decay branching 
fractions will become possible, as millions of fully reconstructed B samples will be accumulated. 

The purely leptonic decays B -^ I v in the SM proceed via annihilation to a W and are 
proportional to the square of the B meson decay constant (/b). In models beyond the SM there 
can be additional tree-level contributions such as a H (s-channel) |273j . |274j or sfermions 
(s, t-channels) in R parity violating SUSY models |275j . The SM predictions and the current 
experimental upper limits are shown in Table 14.71 where we take Jb = 200 MeV. Observation 
of such decays would provide the first direct measurement of Jb or even evidence for new 
physics. In particular, the sensitivity of the t^v and ^i^v channels to any H^ contribution is 
complementary and competitive with that of the exclusive semi-leptonic decay B -^ Dt v that 
is described in Sec. 14.51 The tree-level partial width (including only W^ and H^ contributions) 
is as follows E 



T{B~- 



tv) 



Btt 



mr 



\Vubr 1 - ^ X ^H 



m 



B , 



(4.14) 



where rn is independent of the lepton flavour and is given by 

tan^ j3 m' 



TH 



1 



B 



1 -|- eo tan j3 'm?^± 



(4.15) 



The overall factor of mf arises from helicity suppression for W^ and Yukawa suppression 
for H . The parameter eo encodes the effects of large SUSY corrections to the h quark Yukawa 
coupling, and is typically constrained |eo| < 0.01. In Fig. 14.151 we plot rn as a function of 
isiD.(3/mij± for several values of eQ{mu± / 1{){) GeV) . The current experimental limits from Table 
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Figure 4.15: rn as a function of tan/3/m//±. We show curves for eo 



iff±_ 



100 GeV 



0,±0.01. 



14. 71 constrain ru < 4.7 and r^ < 17 A from the t^v and ^^v channels, respectively. Sensitivity 
to the SM rate {ru = 1) is expected in both channels with data samples of a few ah~^ , so that 
Super-KEKB might actually be able to measure rn- One can see that r^/ = 1 is obtained for 
taiiP/mfj± = 0.27 it 0.03 GeV~^, while complete cancellation can occur around tan/3/m/^± = 
0.2 GeV^ . Importantly, any signal of a H^ in the decay B -^ Dt u (which is sensitive to 
taiiP/mfj± > 0.14 with 5 ab~^) would also manifest itself in both B^ — > t^u and B^ 
An additional observable in which fs cancels out is the ratio Rrfj, defined by: 



fl^V. 



R 



BR{B^ 



T^U) 



TfJ, 



BR{B^ -^ /i±i/) 



(4.16) 



Assuming only W^ and H^ contributions, th would also cancel out, and thus i?,-^ ~ rri^/mj^. 
However, sizeable deviations of Rrf^ from this value are possible in R parity violating SUSY 
models, since rn is in general no longer independent of the lepton flavour. In addition, in such 
models the decay B^ -^ e^v may be enhanced to experimental observability. 

4.4.2 Estimation of signal and background 

To estimate the sensitivity for these decays, we start with the decay mode, B~ -^ K~i'V', taking 
a conservative full reconstruction efficiency of 0.2% for B^ using high quality hadronic tags, 
with an integrated luminosity of 50 ab~ . Although the physics is different, the B decay to ti^ 
has the same topology when one prong r decay modes are used to observe the signal. Thus, in 
the following the B ^ tv decay will be analyzed as well. 

The signature of a B^ — > K~vi> decay is a single kaon and nothing else recoiling against the 
reconstructed B meson. In order to estimate backgrounds for this decay, we first identify other 
B decay modes that have only one charged particle in the final state, using the QQ generator. 
We find that examples of such decays are: semi-leptonic B decays, B -^ D^*'£u in which the 
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(a) B^ -^ K^uv 



(b) B- -^ T-v 



B- -^ D^t 






(d) B- -^ D^p- 



(e) B- -^ D^-K 
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(f) B- -^ p+vrO 
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Figure 4.16: Momentum distributions of the only charged particle for various B decays. 



D decays to K^tt^, B — > Dp, Dn with D -^ Kltt^] charmless B decays such as B^ -^ p'^-K^. 
Figure 14.161 shows the momentum distributions of the charged particle in these decays as well 
as in the signal modes. A three body phase space decay for B -^ Kvv is assumed. 

We then estimate the amount of signal and background assuming 50 ab~ using a full sim- 
ulation program based on GEANT3 for the Belle experiment. We assume that the full recon- 
struction is perfect and its efficiency is 0.2%. Figure 14.171 shows the total energy deposited 
in the electro-magnetic calorimeter by the signal side "B" meson decay, unmatched hadronic 
interactions and beam related backgrounds. We select events in which only one charged track is 
observed with a momentum cut; |p*| > 0.7 GeV/c. Particle identification cuts are not applied 
on the charged particle. These criteria are rather similar to the recent analyses. It is obvious 
that we need tighter selection criteria to observe signals. 

We optimize the momentum selection to 2.0 GeV/c < |p*| < 2.7 GeV/c using Fig. 14.161 
We also apply tight KID requirements. Figure 14.181 shows the total energy distribution after 
applying these selection criteria. If we define the signal region to be E' < 0.5 GeV, the number 
oi B ^ Kvv events is estimated to be 43.0 it 1.1, while the contribution from the background 
is 29.3 lb 3.4 events. This corresponds to a significance of 5.1cr. Table 14.81 summarizes the 
background contribution for each decay mode. Large contributions from semi-leptonic decays 
are reduced by applying a tight kaon identification selection. 

4.4.3 Discussion 

Further improvements for this analysis are expected. The efficiency for the full reconstruction 
tagging technique can be improved. Optimisation of the tag side efficiency and background can 
be studied separately for the discovery of the decay and setting upper limit. Likelihood methods 
can be used for the tag side as well as information on the signal single charged track and energy 
deposits in the calorimeter. Better solid angle coverage will improve both the tagging efficiency 
and the signal reconstruction efficiency. Much better kaon identification and rejection of other 
spieces will reduce the backgrounds. More effective rejection of the events that contain /^l's 
can be studied. On the other hand, the environment may become much harsher as luminosity 
increases and beam related backgrounds will certainly increase if the detector performance re- 
mains the same. As a result we may suffer from a smaller tagging efficiency and more energy 
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Figure 4.17: ECL energy distribution for B -^ Kvi), B ^f tu and background MC (log scale). 
The only requirement applied to the charged particle is|p*| > 0.7 GeV/c. 
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Figure 4.18: ECL energy distribution for B — > Kvu^ B ^ tv and background MC, with 
2.0 GeV/c < \p*\ < 2.7 GeV/c and a tight KID requirement applied to the charged particle. 
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Table 4.8: Backgrounds in the B -^ Kuu 



Mode E < 1.0 GeV E < 1.0 GeV with KID E < 0.5 GeV with KID 

B- -^ D*^n-u 265.7 ±11.7 8.2 ±2.1 2.1 ± 1.0 



B- ^ D^TT- 199.0 ±10.1 7.7 ±2.0 3.1 ± 1.3 

B-^D*°e~u 181.1 ±9.6 8.7 ±2.1 2.1 ± 1.0 

B-^D°fi~i? 131.3 ±8.2 25.1 ± 3.6 5.1 ± 1.6 

B- ^ D*^Tr- 110.3 ±7.5 3.6 ± 1.4 0.0 ± 0.0 

B-^D^p- 95.9 ±7.0 6.2 ±1.8 1.0 ±0.7 

B-^D^e-j? 85.7 ±6.6 19.5 ± 3.2 4.1 ± 1.5 

B~^D*^p'- 43.6 ±4.7 3.6 ± 1.4 0.5 ± 0.5 

B~^D^K' 13.3 ±2.6 8.7 ±2.1 2.1 ± 1.0 

B-^D*^K- 5.6 ±1.7 4.6 ±1.5 0.5 ± 0.5 

Other b^c decays 29.8 ± 3.9 3.1 ± 1.3 1.0 ± 0.7 

b ^ c decays total 1161.4 ±24.4 99.0 ±7.1 21.5 ± 3.3 

B- -^ K*^7r-TT+ 28.0 ±1.5 0.8 ± 0.2 0.2 ±0.1 

B-^TT-R^ 22.8 ±1.3 0.5 ±0.2 0.0 ± 0.0 

B- ^ p+TT° 21.1 ±1.3 0.4 ±0.2 0.0 ±0.0 

B- ^ K- f^{1525) 19.1 ±1.2 12.5 ± 1.0 1.1 ± 0.3 

B-^R-TT^ 18.5 ±1.2 12.7 ±1.0 3.3 ± 0.5 

B-^K*-p^ 13.6 ±1.0 0.2 ±0.1 0.1 ±0.1 

B~ ^ K*' f2{1270) 10.9 ±0.9 0.4 ± 0.2 0.0 ± 0.0 

B- ^ i^*-/^(1525) 10.7 ±0.9 8.2 ±0.8 1.3 ±0.3 

B-^TT~TT^ 9.3 ±0.8 0.4 ±0.2 0.2 ±0.1 

B-^K*--f 7.9 ±0.8 0.0 ±0.0 0.0 ± 0.0 

B-^p+K^ 7.1 ±0.7 0.1 ±0.1 0.0 ±0.0 

B-^TT~K*° 6.0 ±0.7 0.1 ±0.1 0.0 ±0.0 

B-^K-r]' 4.5 ±0.6 3.2 ± 0.5 0.2 ±0.1 

S" ^ K-/o(1370) 4.0 ±0.6 2.2 ±0.4 0.2 ±0.1 

B-^K-f] 3.9 ±0.5 2.7 ±0.5 0.5 ± 0.2 

B-^K-f2{1270) 3.5 ±0.5 2.4 ± 0.4 0.2 ±0.1 

B- ^ K^{U30)°TT- 2.8 ±0.5 0.2 ±0.1 0.1 ±0.1 

B^ ^ p~r] 2.8 ±0.5 0.0 ± 0.0 0.0 ± 0.0 

B-^^K^K^ 2.5 ±0.4 1.7 ±0.4 0.4 ± 0.2 



Other rare B decays 


16.7 ±1.1 


3.2 ±0.5 


0.2 ±0.1 


Rare B decays total 


215.6 ±4.1 


51.6 ±2.0 


7.8 ±0.8 


Total 


1377.0 ± 24.7 


150.6 ± 7.3 


29.3 ±3.4 
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deposits in the calorimeter. So far we are not able to estimate such effects quantitatively, but 
will continue to study this important decay mode. 
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4.5 More than one neutrino II: B -^ Dt^v. 



T 



The decay B -^ Dt^v^ is sensitive to the exchange of charged Higgs boson as introduced in the 
Minimal Supersymmetric Standard Model (MSSM), since the amplitude is roughly proportional 
to rTT-T-m;, tan /3. The branching fraction of i? — > Dt^Vt is expected to be large (~ 8 x 10^'^) in 
the SM, but much more data are required to measure this process because of the presence of 
two or more neutrinos in the decay final state. This mode consequently requires the tagging of 
the other side -B, for which a reconstruction efficiency is estimated to be 0.2%, which has been 
discussed in Section 14.1.31 Therefore, the study of the MSSM Higgs through this decay mode is 
only possible with the statistical power of SuperKEKB. 

4.5.1 Introduction 

In the MSSM, the coupling of the charged Higgs bosons, i?^, to quarks and leptons is given by 



tan (3 {uiVKMMddR + vlMiIr) + -^URVcKuMudL 

tan p 



H^ 



+ /i.e., (4.17) 



where M„ and M^ are the quark mass matrices, M^ is the lepton {(. = e, ^, or r) mass matrix, 
^CKM is the Cabibbo-Kobayashi-Maskawa matrix, and tan/3 = W2/'yi is the ratio of the vacuum 
expectation values of the Higgs fields. Therefore, the decay amplitude of i? — > Dr^Vr that is 
mediated by 6 — >■ ct'^u has a term proportional to MhMr tan^ /? J276I277| . The large r mass is an 
advantage of this decay in measuring the charged Higgs mass compared to other semi-leptonic 
decays. 

Figure E. 191 (top) shows the ratio B: 

r(B -^ Dr+Ur) 
B = —^ =— ^ 4.18 

as a function of the charged Higgs mass with several tan/3 values. The width of each band 
represents uncertainty in the B ^> D semi-leptonic form factor. The form factor is modeled as 
a function of the momentum transfer q^ using a slope parameter p^ |278j . and the uncertainty 
is from the error of pf. The Belle collaboration has measured pf as pf = 1.33 it 0.22 272]. 
Figure H. 191 (bottom) shows the 6B/B\cxp distribution as a function of 5pi/pi\exp- In the figure 
we show several curves with varying R = Myy tan (5/M^ . 

4.5.2 B -^ Dt^Uj. Reconstruction 

Final states for the B -^ Dt^Vj- decay include two r-neutrinos after taking into account the 
sub-decay of the r; one additional neutrino exists when r decays into a leptonic mode. Because 
of the presence of two or more invisible particles, the decay of i? — > Dt^Vt has few kinematic 
constraints. To reduce the number of combinations of the reconstructed D and r, we first remove 
particles originating from the other B (-Bfui), which does not decay into B -^ Dt'^Vt (.Bsig)- We 
then reconstruct D and r candidates using the remaining particles. Finally, we apply kinematic 
selection requirements on the reconstructed D and r combination to reduce background. 

In the following paragraphs we describe the reconstruction of i? — > Dr^Vr- A detailed 
description of the full reconstruction of i?fui mesons is given in subsection 4.1.2. 
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Figure 4.19: The top figure shows the ratio of T{B -^ Dt^u-t) to T{B -^ Dfj,^ 
band is the prediction of the Standard Model; also shown is the charged Higgs contribution, 
which is a function of the charged Higgs mass with several tan/3 values. The width of each band 
is due to uncertainty in the form factor. The bottom figure shows the 6B/B\cxp distribution as 
a function of Spf/pflexp with varying R = Mw t3in.f3/M^. 
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Light Meson Reconstructions The Kg mesons are reconstructed from a pah of opposhely 
charged n tracks. The invariant mass of the n pair should be within |M,r7r — Mj^o \ < 15GeV/c^. 
The position of closest approach of the vr tracks should be displaced from the interaction point 
in the plane perpendicular to the beam axis. 

Neutral pions are reconstructed from a pair of two photons. The n^ invariant mass is required 
to be within \M^^ — M^o\ < 16 MeV/c^. We require the photon energy deposit in the calorimeter 
to be greater than 50 MeV. 

Charmed Meson Reconstructions We reconstruct D mesons from D^ — > K^TT~{7r^), 

K~^TT^TT~TT~{7r^), i^^vT+TT^ (vt"), and KgTT^, where (vr*^) indicates zero or one neutral pion. Charge 
conjugate modes are implicitly included throughout this section. These channels cover 35% of 
the total D^ decay width. The charged D meson is reconstructed from D~^ — > Er~7r+7r+(7r'^) 
and KgTT~^ , covering 16% of the total D^ decay width. 

We construct kaon {C{K)) and pion (>C(7r)) likelihoods to identify the particle species of 
each charged particle by combining the dE/dx in the drift chamber, the hit in the time of flight 
counter and the ring imaging Cherenkov counter. The charged particle is identified as a kaon if 
C{K)/[C{'k) + C{K)\ exceeds 0.4; otherwise it is a pion. 

The reconstructed D^ or D~^ should have an invariant mass within |Mxn7r— M/jI < 30 MeV/c^. 

If more than one D meson is reconstructed, the D meson that has the closest invariant mass 
to the world average value is taken |58j . 

B Meson Reconstructions The B -^ Dt^Vj- decay is reconstructed from B^ -^ D^t^Vj- 
and B^ -^ D^t^Vt, where the r+ is identified in one of four following sub-decays: r+ -^ vr+z^,-, 
p'^ {tt^ 'K^)vr , e^Vr^e, and ll'^Vr^^. 

The B — > Dt^Vt candidate is reconstructed by adding one charged particle, which is assumed 
to originate from the r+ decay, to the reconstructed D meson. Positively identified protons are 
rejected. 

If the additional charged particle is consistent with the electron or muon hypothesis, the r+ 
decay is treated as a leptonic mode (r^ — > ^+1/,-^^)^; otherwise the r"*" decay is considered as a 
hadronic mode (r+ -^ n^Vr)- 

In the case of r+ — > ir^i^r decay, one neutral pion (if it exists) that is associated to neither 
-Bfui nor D decay is added to the vr+z^,- final state to reconstruct t+ -^ p+(7r+7r^)i/,- mode. In 
this case, the 7r"'"7r'^ invariant mass should be within \M^+^o — Mp+\ < 300 MeV/c^. 

To reject B — > D*Tv-r events, we reconstruct D*'s by adding a vr*' to the reconstructed D. 
When |(M^„^^o - Mku-k) - ^Md*-d\ < 10 MeV/c^, we discard the event. 

If any charged particle and/or K^ candidate remains after the reconstructions of i?fui and 
-Bsig, the event is rejected. 

4.5.3 Kinematic Event Selection 

We use three kinematic parameters to select B -^ Dt^Ut signal events from the reconstructed 
candidates. 

The first is the residual cluster energy in the calorimeter (ii^res)- We require i?res < 100 MeV. 

The second is the missing-mass squared defined by 

|MM|2 = \pB -PD-PX+?, (4-19) 



^Throughout this section, the symbol I indicates leptons except r unless otherwise specified. 
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where px+ is the charged particle momentum originating from the r"*" decay. The momentum 
PBsig is given by ps,,^ = Pr{4S) - PBt^r 

The last is the cosine of the angle between the momenta of the two r-neutrinos (cos 6) in 
the frame where pB^^ = Pd- This parameter can only be defined for the r"*" -^ h^Ur sub-decay. 
Energy-momentum conservation for the i?sig — * Dt^ {h^ Ur)i'T decay is expressed by 

PBsig =PD+ Ph+ + Pvr + Pvr ■ (4-20) 

The r^ and neutrino masses are given by 

{Ph++PD^'' = ml, (4.21) 

pI=pI=0. (4.22) 

We then boost the system to the frame where 

PB,,, = PD. (4.23) 
Using Eq. K7^ - KT^ . we have 

{Eb^,, -Ed?- 2E,^ (Eb^^^ - En) = m^. (4.24) 

Then, the energies of the two neutrinos can be expressed in terms of measurable parameters as 

(Eb . - Ed)'^ -m'i , ^ 

^"^ = 2{Eb. -Ed) ' ^'^ " ^""^ " ^"^ " ^"'" " ^""^ ■ ^^-^^^ 

Finally, we can measure cos using the following equation: 

{PB,i^ - PD - Ph+)'^ = (PVr +Pur)'^ 
= "iPur ■ Pur 

= 2Ep^E^^cose. (4.26) 

The COS0 of the signal events is limited from —1 to -|-1, while that of the background events is 
unrestricted. 

The background contamination is studied by using generic B decay MC samples. We generate 
samples of 3.2 x 10® MC events with the fast simulator for generic charged and neutral B decays. 
In this case, 8x 10^'^ is taken as the branching fraction oi B ^ Dt^Vt decay for both charged and 
neutral B. To increase statistics, the -Bfui is pseudo-reconstructed using generator information, 
i.e.: the Sfui is fully reconstructed with perfect efficiency and purity. 

Figure 14.201 shows the distribution of the reconstructed B^ -^ D^T^{h^i'T-)i^T candidates 
in the \MM\'^-cos9 plane. The left column figures show the signal events only and the right 
ones show the background distribution (gray points) with the signal distributions (black points) 
superimposed . We determine the optimal signal region to be |MMp > 0.1 (GeV/c^)^ and 
— 1.0 < cos9 < 0.8, irrespectively of the r+ — > tt^P,- or r"*" -^ p'^i^r by maximizing S/y/S + B 
(FOM), where S and B are the numbers of reconstructed signal and background events, respec- 
tively. 

Figure E.21l shows the |MMp distribution of the reconstructed candidates of i?"*" — > D^t~^ {i~^ r'rVe)i'T ■ 
For that decay irrespectively of the lepton flavor from the r decay, we determine the selection 
criteria |MMp > 1.2 (GeV/c^)'^ by maximizing the FOM. 

We find that |MMp and cos9 for the neutral B decay have similar distributions in both 
signal and background as the charged B decay. Therefore, the selection criteria determined by 
charged B decays are also applied to neutral B decays. 

Table WM summarizes the reconstruction efficiency. The numbers of reconstructed signal and 
the background events in the generic B decay MC samples are also shown. 
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Figure 4.20: A scatter plot of the reconstructed B~^ -^ D^T~^{h'^Vr)vT candidates in the |MMp- 
COS0 plane. The upper two figures are obtained in the r+ — > tt'^Dt decay, and the lower two 
figures are obtained in the r"*" — > p^{'K^'K^)vr decay. The left figures show the distributions 
obtained from signal MC. In the right figures, the background distributions are shown by gray 
points and the signal distributions are shown by black points. 
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Figure 4.21: The |MMp distribution for reconstructed B'^ -^ D^T~^{e~^v'ri^e)'^T candidates 
(upper) and B'^ -^ D^t~^ {ij,'^f?.,-i'f^)i'j- candidates (lower). The left figures show the distributions 
obtained from signal MC, and the right figures show the background. 



90 



Decay mode 


efficiency (%) 


Br 


^^sig 


iVbkg 


D'^T+{£+UrUe)Ur 


4.9 ±0.3 


13.5 X 10-"* 


213 


293 


D^W+{h+Ur)Vr 


10.9 ±0.5 


13.6 X 10""^ 


476 


2085 


D-T+{£+i?riyi)l^T 


0.7 ±0.2 


6.2 X 10^^ 


15 


22 


D-T+{h+Vryr 


3.3 ±0.4 


6.4 X 10-4 


68 


194 



Table 4.9: Summary of the reconstruction efficiencies. The numbers of reconstructed signal 
(A'sig) and the background events (A'bkg) in generic B decay MC samples are also shown, where 
Br{B -^ Dr^Ur) = 8 x 10^'^ is assumed. 

4:.^. 4: Background Components 

The dominant background source in the B^ -^ D^T^{h'^DT^)i>r signal region is the decay B~^ -^ 
D*~ i'^ I'gTr^ , due mainly to a missing i'^ and a slow pion from the D*~ . The next largest 
background modes are B~^ — > D*^i~^i'i with a missing 7 or vr*^ from the D*^ and misidentification 
of i^ as TT^, and the B~^ — > D*^T~^Vr with a missing slow pion. In this study the B^ -^ 
D^T^ [(.'^ i>t-vi)vt decay is considered as a background for the B^ -^ D^ t^ {h'^ u-j-)vt- analysis; 
they contribute to the signal region due mostly to misidentification of the £^ from the r^ decay 
as Tr"*". The sum of the background modes listed above are ~ 45% of the total background. The 
contribution from Ds inclusive decays is ~ 8% of the total. 

The largest contribution to the B^ -^ D~T~^{£~^v'T-i^e)'^T signal region comes from B^ -^ 
D*^ £^ i^iir^ where both pious from B^ and D*~ are missed. The next largest background 
components are B^ — > D*^i~^i'£ and B^ — > D*^T~^Vr when the 7 or vr'' from the D*^ are missed. 

The dominant background mode in the B^ — > D~T^{h~^iJT-)i^T signal region is B^ — > D~T^Vr 
with a mis-reconstructed r+; the next largest is B^ -^ D*^ ^^v^, although it is only '^ 20% of 
the total. No other background modes make significant contributions in the signal region. 

For the B^ -^ D~ t~^ {l~^ i>t-i'()vt- mode, because of the small MC statistics, we cannot yet 
evaluate the background. 



4.5.5 Statistical Significance 

As described in subsection 4.1.2, the full reconstruction efficiencies for charged (neutral) B 
mesons are estimated to be around 0.2% (0.1%) for a purity of about 80%. 

Table 14.101 lists the expected signal yields and backgrounds at integrated luminosities of 5 
and 50 ab^ . The values include a correction for the purity of Sfui reconstruction. We assume 
Br{B -^ Dt^v-j-) = 8 X 10"^ in the table. The values listed are obtained by scaling the results 
in Table EHl according to the integrated luminosity. The expected uncertainties in the measured 
branching fraction {5{Br) / Br) are also shown. 

The branching fraction for B~^ -^ D^t^Vt is expected to be determined with 12(T statistical 
significance at an integrated luminosity of 5 ab"^. The branching fractions of the neutral B 
modes can also be measured at 50 ab^^ with llcr significance. 

4.5.6 Systematic Uncertainty 

Major sources of systematic uncertainty in the branching fraction measurement in B — >■ Dt^Vt 
decay are expected to be -Bfui reconstruction efficiency and purity, particle identification efficiency 
and purity, and the slow pion detection efficiency. 
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Decay mode 


5 ab"' 


50 ab"^ 


iVsig 


A^bkg 


6{Br)/Br 


iVsig 


A^bkg 


5{Br)/Br 


D^T+{i+i?riye)iyr 


280 ± 20 


550 ± 20 


7.9% 


2800 ± 50 


5500 ± 70 


2.5% 


D'W+{h+Vr)Vr 


620 ± 20 


3600 ± 60 


6200 ± 80 


36000 ± 200 


D-T+{i+i?rl^e)l^r 


10 ±3 


21 ±5 


28.5% 


98 ±10 


210 ±10 


9.0% 


D-T+{h+Ur)Vr 


45 ±7 


170 ± 10 


450 ± 20 


1700 ± 40 



Table 4.10: The expected signal yields and backgrounds at integrated luminosities of 5 and 
50 ab~ , assuming Br{B — > Dt'^Ut) = 8 x 10^'^. The expected uncertainties in the measured 
branching fraction {5{Br) / Br) are also shown. 
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Figure 4.22: The left figure shows the maximum R constrained by the B^ — > D^t^Vt branching 
fraction measurement as a function of the integrated luminosity for several values of (5/?f /pf |exp- 
The right figure shows the same plot for the case with double the uncertainty in the measured 
branching fraction 

4.5.7 Constraints on the Charged Higgs Mass 



Figure 14.221 (left) shows the maximum R value constrained by the branching fraction measure- 
ment of -B"*" -^ D^t^Ut as a function of the integrated luminosity for several J/of/pf |cxp- The 
right figure shows the case assuming a doubled uncertainty of the measured branching fraction. 
The systematic uncertainty in the branching fraction measurement is not considered. We ignore 
the uncertainty in (^i?/i?|exp that comes from the uncertainty in the B^ -^ D^^'^u^ branching 
fraction because it can be determined much precisely than that of D^t^Vt-. We expect 



Mh> 



Mwtan(5 
11 



at an integrated luminosity of 5 ab , assuming that the current pf precision is unchanged. 
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4.5.8 Summary 

The B -^ Dt^Vt decay is a sensitive mode to probe the charged Higgs in the MSSM. Using this 
decay mode we expect that the charged Higgs mass wih be constrained by Mh > Mw tan (3/11 
at an integrated luminosity of 5 ab^ . 
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Source 


Irreducible 


Error of sin 2(j)i 


Wrong tag 




0.007 


Physics parameters 




0.002 


Vertexing 


%/ 


0.012 


Background fraction 




0.006 


Background At shape 




0.001 


Resolution function 




0.005 


Resolution parameterization 


x/ 


0.006 


Tag-side interference 


V 


0.001 


Possible fit bias 




0.008 


Total 




0.019 



Table 4.11: Systematic errors for sin2(/)i measured with the J/ipKs mode at 140 fb ^. 

4.6 sin 201 

Very precise measurements of sin2</)i, or Sj/^j^o, will remain important at SuperKEKB. There 
are two major reasons. One is to search for a new CP-violating phase from the SM in CP 
violation in 6 — > s transitions by testing a SM prediction Sj^j^o = Sji^^o . The other is to check 
the consistency of the Unitarity Triangle. As explained in Section 12.4.11 sin 2(/)i is determined 
using the B^ — > J/ij^Kg mode with very small hadronic uncertainties. It is also insensitive to 
effects beyond the SM. Thus it serves as a reliable reference point for the SM. 

The present world average value for sin2(/)i is obtained with the modes B^ -^ J/ipK^, 
J/^K*^, 'ijj{2S)K^, Xci-K's and rj^K'^ in addition to the 5° -^ J/^K^s decay. This is to reduce 
statistical uncertainties. With an integrated luminosity of 5 ab~^, however, the systematic 
uncertainties will be dominant. Therefore, in this study we use only the gold-plated mode 
B^ -^ J /iIj{-^ t^(!,~)K^{'K^-K~) to minimize systematic uncertainties. We perform MC pseudo- 
experiments assuming that the performance of the detector at SuperKEKB is identical to that of 
the present Belle detector. The analysis procedure for the measurements of time-dependent CP 
asymmetries at Belle is described in Section [4.1.21 In addition to the standard 2-parameter fit, 
we also test a 1-parameter fit with sin 2(/)i as the free parameter assuming Aji^j^o = 0. Because 
of the additional assumption, the error on sin 2<j)\ is slightly smaller than that for Sj/^j^o . In 
the following, we treat these two cases separately. An example of a fit to a At distribution for 
B^ -^ J/ipKg candidates in a MC pseudo-experiment at 5 ab~^ is shown in Fig. 14.231 

Sources of systematic errors include uncertainties in the flavor tagging, in the vertex re- 
construction, in the background fractions and At distributions, in the resolution function, in 
Arud and r^o, a possible bias in the fit, and the effect of interference 128(3 ^^ the /tag final 
state. Some of these uncertainties are evaluated from control samples, which have large but 
finite statistics. As the integrated luminosity increases, this part of the systematic error will 
decrease. In order to estimate the expected systematic error at 5 ab~^, we therefore need to 
separate such reducible systematic errors from the other part, which is irreducible. In this study, 
we conservatively assume that uncertainties that do not arise from statistics of control samples 
are irreducible, and use estimates obtained for the 140 fb~^ data for any integrated luminosity. 
Further studies on these ^irreducible" errors will probably find a way to reduce them. Table I^ITT] 
and 14. 12l summarize the sources of systematic errors for sin20i (1-parameter fit) and S and A 
(2-parameter fit), respectively. All the values are evaluated at 140 fb~^. 

The total irreducible systematic error for S is estimated to be 0.014 (0.013) for Sji^^o 
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Figure 4.23: An example of a fit to a MC pseudo-experiment at 5 ab ^. 
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Source 


Irreducible 


Error of S 


Error of A 


Wrong tag 




0.007 


0.008 


Physics parameters 




0.002 


0.001 


Vertexing 


V 


0.012 


0.026 


Background fraction 




0.006 


0.012 


Background At shape 




0.001 


0.000 


Resolution function 




0.005 


0.007 


Resolution parameterization 


V 


0.006 


0.002 


Tag-side interference 


V 


0.001 


0.027 


Possible fit bias 




0.008 


0.006 


Total 




0.019 


0.041 



Table 4.12: Systematic errors on A and S measured with the J/ipKs mode at 140 fb 







Statistical 


Systematic 


Total 








reducible 


irreducible 




sin 2(j)i 


(140 fb-^) 


0.080 


0.014 




0.082 




(5 ab-^) 


0.013 


0.002 


0.013 


0.019 




(50 ab-i) 


0.004 


0.001 




0.014 


S.J/^K% 


(140 fb-i) 


0.080 


0.014 




0.082 




(5 ab-i) 


0.013 


0.002 


0.014 


0.019 




(50 ab"^) 


0.004 


0.001 




0.015 


•^J/^Kl 


(140 fb-^) 


0.056 


0.017 




0.070 




(5 ab-i) 


0.009 


0.003 


0.038 


0.039 




(50 ab-i) 


0.003 


0.001 




0.038 



Table 4.13: Expected errors at 140 fb"\ 5 ab~^ and 50 ab"^ 

(sin2(/>i). The dominant sources of the irreducible systematic error are the effect of detector 
misalignment (0.008) and uncertainties in the resolution function determination (0.007). The 
systematic error for A is dominated by the tag-side interference. As mentioned above, there will 
be a possibility to reduce these ^^ irreducible^^ errors from dedicated studies. Table WX^ lists the 
expected errors at 140 fb~^, 5 ab~^ and 50 ab~^. 

The total error for Sji^j^o , cJtot {'Sj/^k° ) ' i^ obtained from 



c^tot (5 



J/tpRO 



0.0802 X 0.14/£int + 0.0142 X 0.14/£int + 0.0142, 



(4.27) 



where C-mt is the integrated luminosity in the unit of ab ^. We obtain atoti-Sj/^x^) — 0.019 at 
>Cint = 5 ab~^, which is much smaller than the statistical uncertainties for S±,j^o and 5 /^o. 
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central value 


error at 


error at 


error at 


error at 




WA trom f2A(\\ 


140 fb-i 


500 fb-i 


5 ab-i 


50 ab-i 


BR{Tr+7r-) 


4.55±0.44 


0.50 


0.25 


0.082 


0.026 


BR{7r+TT^) 


5.27±0.79 


0.88 


0.47 


0.15 


0.47 


BR{tt^tt^) 


1.90±0.47 


0.65 


0.34 


0.11 


0.034 


SniT 


-0.58 ±0.20 


0.23 


0.12 


0.039 


0.012 


^TTTT 


+0.38 ±0.16 


0.19 


0.10 


0.031 


0.010 


•^ttOttO 


0.0 


1.00 


0.53 


0.17 


0.053 



Table 4.14: Estimated errors for the vrvr branching ratios and asymmetries. 

4.7 02 

The CKM angle (p2 can be measured using multi-pion final states coming from the quark-level 
decay b -^ uud. As discussed in Section 12.41 the determination through the time-dependent 
asymmetry of B^ — > vr+vr"' suffers from large penguin contributions. Here we consider two 
methods to eliminate an effect of the penguin amplitude: an isospin analysis oi B ^ tttt |70j . 
and Dalitz analysis of B ^ pir |71j . 



4.7.1 Status of the 5^ 



TV ' n 



analysis 



Time-dependent CP asymmetries defined in (|2.41() for B^ -^ vr+vr decays have been measured 
by the Belle 13.281 and BaBar |282j collaborations. Based on 152 x 10*^ |^ and 88 x 10*^ jUll 
BB pairs, they obtain 



Xtt = ±0.58 ± 0.15 ± 0.07, S^ 
Xvr = ±0.30 ± 0.25 ± 0.04, S^ 



-1.00 ±0.21 ±0.07 HHB, 
-0.02 ±0.34 ±0.05 PH^ . 



(4.28) 
(4.29) 



The first and the second errors are statistical and systematic errors, respectively. BaBar also 
showed a preliminary result at Lepton Photon 2003 based on 123 million BB pairs; they obtain 
A^^ = ±0.19 ± 0.19 ± 0.05 and S^^ = -0.40 ± 0.22 ± 0.03. The world average values using the 
latest results are A^^ = ±0.46 ± 0.13 and S^^ = -0.74 ± 0.16 ^M\ . 

Prom the latest Belle result |281| . the case that CP symmetry is conserved, Atttt = <SmT = 0, is 
ruled out at a level of 5.2 standard deviations. Thus this is the first observation of CP- violating 
asymmetries in B^ -^ vr+vr^ decays. A 95.5% CL region of Atttt and St^-k gives 90° < 02 < 146° 
with a modest assumption of iPTTn/Tj^nl < 0.45. From the theoretical side, QCD factorization 
gives —6 ± 12% for the direct CP asymmetry At^-k jl02j . while perturbative QCD (pQCD) 
suggests a larger direct asymmetry in the range (16—30%) 



4.7.2 Isospin analysis for B ^ im 

Here we describe the expected sensitivity for the determination of 02 at SuperKEKB using the 
TTTT isospin analysis. 

Estimated errors for the branching ratios and asymmetries at the target luminosities are 
shown in Table I^TTH We assume the current world average j246| for the central values, and also 
assume that the direct CP violation is absent for the B^ -^ tt'^tt^ decay i.e., A^^Qt^o = 0.0. In 
the following analysis we use the CKMfitter program |284j . 
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Figure 4.24: CL versus ^'2 — 02cflf (deg) for the inputs given in Table 14.141 at 140 fb ^ (solid 
curve), 500 fb~^ (dashed curve), 5 ab~^ (dotted curve), and 50 ab~^ (shaded area). 



From the vr+vr time-dependent asymmetry we may extract the parameters S-j^t^ and At^-e. 
The phase of the parameter A,r7r = (9/p)(^7r7r/^7r7r) is extracted as 



sin 2(/)2off 



yr^^^^L' 



(4.30) 



which is equal to sin 2</)2 if the decay is dominated by the tree amplitude. In the presence of a 
penguin contribution, we have to subtract the penguin amplitude using isospin relations (|2.54() 
and (l2:55ll . 

The results for <^2 — 4>2eS and 4>2 are plotted in Figures [4.241 and 14.251 respectively. In those 
figures the confidence level is plotted at target luminosities up to 50 ab~^. The absence of direct 
CP violation for the B^ — > vr'^vr'^ decay leads to the symmetric solutions shown in the figures. 

When flavor tagging for B^ -^ ti^tP' is missing as in the 140 fb~^ case, only the outer borders 
of the curves can be obtained. By knowing the flavor of B^ 
up, and 02 — 4>2cS is determined up to a four-fold ambiguity and 
eight-fold ambiguity in the range (0°, 180°). 

Although we have assumed -4,^0^0 = in the estimation above, theoretical predictions for 
^^0^0 allow large values ^85. ■ Figure H.2HI shows CL as a function of (/>2 at 50 ab~^ for several 
values of ^^OttO. The best ^2 resolution (0.8° ~ 1.4°) is expected at ^,^0^0 = —0.13, for which the 
angle between ^"'"'^ and A^ is the same as the angle between A^^ and A^ . At .4.7^0^0 = —0.86 
and -1-0.35, on the other hand, one isospin triangle is squashed, and the expected 4>2 resolution 
is about 2.6° except for the region where two solutions overlap. 

Since the decay B^ -^ vr+vr'^ has no strong penguin contribution, the occurrence of the direct 
CP violation in this decay mode would imply an electroweak penguin contribution. The effect 



vr'^vr'^ the inner structure shows 
is determined up to an 
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Figure 4.25: CL versus 4)2 (deg) for the inputs given in Table WX^ at 140 fb ^ (solid curve) 
500 fb~^ (dashed curve), 5 ab~^ (dotted curve), and 50 ab~^ (shaded area). 
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Figure 4.26: CL versus (t)2 (deg) at 50 ab^^ for ^^o^o = -0.86 (top left), -0.7 (top right), 
-0.13 (middle left), 0.0 (middle right), +0.1 (bottom left), and +0.35 (bottom right). 
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amplitudes 


|^+"| (xlO-*) 


\A+-\ (xlO-4) 


lA''"] (xlO-4) 


with EWP 
w/o EWP 


1.68 
1.69 


2.30 
2.31 


0.82 
0.87 


difference 


0.5% 


0.5% 


6.5% 


amplitudes 


|^+"| (xlO-4) 


|^+-| (xlO-^) 


lA^^l (xlO-4) 


with EWP 
w/o EWP 


1.68 
1.69 


2.90 
2.90 


0.96 
1.01 


difference 


0.5% 


0.0% 


5.5% 



Table 4.15: A perturbative QCD calculation of the B -^ vrvr amplitudes with and without 
electroweak penguin contributions. 

of the electroweak penguin to vrvr amplitudes is estimated in Table 14.151 using the perturbative 
QCD calculation with and without the electroweak penguin (EWP) amplitude. This calculation 
suggests that the effect on vr+vr^ and vr^vr" is negligible, while the effect on vr'^vr'^ is at a level of 
several percent. 

4.7.3 Status of the 5° -^ pn analysis 

In principle, the CKM angle 02 can be measured even in the presence of penguin contributions, 
using a full Dalitz plot analysis. However, there are difficulties from combinatorics and from 
the low efficiency in a three-body topology with a vr*^ as well as large backgrounds from mis- 
reconstructed signal events and other decays. In order to extract (f)2 cleanly, data with large 
statistics are thus required. 

Unlike the B^ — > vr^vr^ decay, B^ -^ p vr^ is not a CP eigenstate. In B^ — > p vr^ decay, 
four different flavor decays (i3^(i5^) -^ p^vr^) must be considered. Following a quasi-two-body 
approach, the current analysis by the BaBar collaboration |286j is restricted to the two regions 
of the -K^TT^h^ Dalitz plot (/i = vr or K) that are dominated by p^h^. The decay rate is given 
by 

/f^"(AO = (l±Agp) " ^^^^^ 

X [1 + q-{{Sph ± ASph) sin(AmrfAi) - {Cph ± ACph) cos(AmdAt)}], 

(4.31) 

where At = tp^ — ttag is the time interval between the decay of B^^ and that of the other B^ 
meson. One finds a relation 



Sp^ ± ASp^ = ^1- {Cp^ ± ACp^)2 sin(20±g ± 6), (4.32) 

where 2(^2eff — ^''^s[{Q/p){^%/^^Tr)] and 5 = arg[A~j^/j4+^]. arg[g/p] is the B^ — B^ mixing phase, 
and ^+-(^+-) and A~^[A~^) are the transition amplitudes for the processes B^{B^) -^ p+vr" 
and B^{B^) — > p^vr^, respectively. The angles i;^2eff ^^^ equal to (1)2 if contributions from penguin 
amplitudes are absent. 

With a data sample of 89 x 10^ BB pairs the BaBar Collaboration obtained j286| 

(4.33) 

+0.19 ±0.24 ±0.03, (4.34) 

= ±0.15 ±0.25 ±0.03. (4.35) 

100 





= -0.18 ±0.08 ±0.03, 




L/p-rr = 


= ±0.36 ±0.18 ±0.04, 


Jpn - 


ACp^ -- 


= ±0.28 ±0.19 ±0.04, 


ASp^ 



4.7.4 Dalitz plot analysis of B^ 



pn 



A measurement of (p2 using isospin relations among B -^ vrvr decays has a four-fold ambiguity 
as we mentioned in Section [2.41 This ambiguity can be avoided with a full Dalitz plot analysis 
of the -B*^ — > pvr — > vr+vr^Tr'^ decay [7T] . 



Using the notation of j287j . the decay amplitudes of B ^ pn are expressed as 



V2A{B+ - 

V2A{B+ - 

A{B° - 

A{B^ - 

A{B^ 



> P IT 

>p'7r+ 

P^TT^ 
■^ P TT 






T+° + 2Pi, 

r°+-2Pi, 
T-+-P1 + P0, 

J1+0 I rpO+ _ rp-{ 



T- 



2Pn. 



(4.36) 
(4.37) 
(4.38) 
(4.39) 
(4.40) 



Here T*-' (z, j = +, — , or 0) are the tree amplitudes, and Pq and Pi are the penguin amplitudes 
for / = and 1 final states, respectively. Similarly, for the CP-conjugate channels, we define 
the amplitudes S, T^^ , and Pj which differ from the original amplitudes only in the sign of the 
weak phase of each term. From isospin constraints, the following relation is held: 

S1 + S2 = S3 + 54 + S5, (4.41) 

^1 + ^2 = 83 + 84 + 85. (4.42) 

In the full Dalitz plot analysis for the vr'^vr^vr'^ final states, we do not specify which inter- 
mediate state the tt'^tt^it^ final state comes from. Thus, we can see the quantum interference. 
The amplitude of the B^ -^ tt^tt~tt^ decay is expressed as 

Aif) = f+83 + f-S4 + /°55/2, (4.43) 

while the amplitude of the CP-conjugate channel is given by 

Mf) = rSs + f+S4 + fS5/2. (4.44) 

/* is the Breit-Wigner kinematical distribution function for p^'^ 

cos e Vp/2 



f{m,e) 



m. 



m 



(4.45) 



Lp — no — iL nf ^ 

where rup and Tp are the mass and width of p meson, respectively. The decay rate is given as a 
function of At, the invariant mass rrii and helicity angle 6i of p by 

e-l^*IAi30 
Vsigi^t,m+,m-,mo,9+,9-,6o) = 



Atbo 



{\A\' + \A\ 



A^ 



+q {\A\ - l^p) cos(AmAt) + 2Im( — ) sin(AmAt) 



A' 



(4.46) 



where g = 1 for Btag 
and Pq as follows: 



PO and q = -l for B 



tag 



B^. To clarify fit parameters, we denote T*-^ 



T = 
f = 

T+ 
T- 
Po 
Pi 



2^|g-i03gi5T 



rp+0 I 2^0+ 

' = \T+-\e''^^e'^+-, f 



\T- 



|g-«03g«<S4 
|g-i03gi5- 



\Po\e-'^'e'^\ P° = |Po|e^<^ie*^", 



\Pi\e-'^'e'^\ 



P' 



iPile^'^ie*^!. 



(4.47) 
(4.48) 
(4.49) 
(4.50) 
(4.51) 
(4.52) 



101 



'/'2 


1.57 (90deg) 


|r| 


1.59 


6t 


-0.65 


\rp+-\ 


1 


5t+_ 





\rp-+\ 


0.78 


St-+ 


-2.91 


\Po\ 


0.19 


SPo 


-0.61 


\P1 


0.19 


^Pr 


1.04 



Table 4.16: Input parameters for a full Dalitz plot analysis of B^ 



vr vr vr 



^ decay. 



We have 9 fit parameters 



\T\, St, \T- 



-+) 



I -Pol) So, I Pi I, 6i 



(4.53) 



and set \T^ | = 1 and 6-\ = 0. 

We use ensembles of the Monte Carlo (MC) pseudo-experiments for this study. Each 
pseudo-experiment consists of events generated with the nominal probability density functions 
(PDFs). At present, we consider only continuum events as a source of backgrounds. Assuming 
BR{B^ -^ pir) = 25 X 10^^ and the detection efficiency of 15%, we generate 10080 candidate 
events equivalent to a 300fb~^ data sample. There are about 1240 signal event in this sample. 
We parametrize the continuum background as 



n 



m 



1 r e~l^*l/'^'^s 

-A4(m+,m_,mo,6'+,6'_,6'o)|/r 



2r, 



bkg 



+ (l-/,)<5(At)}, 



(4.54) 



where /,- is the fraction of the background with an effective lifetime Tbkg, and 7W is a PDF in 
the Dalitz plane for the continuum background. We define a likelihood value for each event as 
a function of the 9 parameters: 

/+00 
dAt' 
-oo 

{fs^grs^g{At',q,Wl) + fqqVqq{At') ■ Rgq{AU - At')} + fo{Pol{Ati), 

(4.55) 

where fsig and fqq are the probability functions for signal events and the continuum background, 
respectively. They are determined on an event-by-event basis. The signal fraction is estimated 
using the data taken by the Belle detector by the summer of 2002. For signal events, we use 
the same values of resolution parameters as those used for the sin 2</>i analysis. We estimate the 
parameters for the continuum background using sideband data. 

The input values of the fit parameters used here are listed in Table 14.161 |288j . The result is 
shown in Figure 11.271 We obtain an error for (j)2 of 5(f)2 = 11.4° at 300 fb~^ and 5(j)2 = 3.5° at 
3 ab^^. From these results, the error of 02 is expected to be 2.9° at 5 ab~^ and 0.9° at 50ab^^. 
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Figure 4.27: (p2 error as a function of luminosity. Dots are the results from the MC pseudo- 
experiments and the line is a linear fit to these dots. 
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4.8 03 

4.8.1 Introduction 

The angle (j)^ is defined as 



arg ^ , (4.56) 



which is independent of the quark phase convention. In the standard phase convention, all 
elements of the CKM matrix except for Vub and Vtd are nearly real, and in particular both Vud 
and —VcdVcb ai'^ (nearly) real and positive, and we have 

(/)3 = arg y„*5 . (standard phase convention) (4-57) 

There are several decay channels that can be used to extract information on (^■^^ and each has 
distinct merits and drawbacks. Here, we will investigate the following channels: 

/)(*)-Yi-+ modes The flavor-tagged time-dependent measurement of D'*' vr^ and its charge- 
conjugate mode. This mode measures sin(2(/>i -|- (/>3) and is affected by a strong phase. 
There is, however, no penguin contribution. One could fully reconstruct the D~-k^ and 
D*^-7r^ final states, or one could use a partial-reconstruction technique where Tf^ of the 
decay D*~ -^ D^tt'^ is not explicitly detected. The latter has more statistics but with 
more background. In both cases, the value of r, the ratio of Cabibbo-favored amplitude 
to the Cabibbo-suppressed amplitude, needs to be input externally. 

B+ -^ DK^*'^+ (ADS method) B+ -^ DK'^*^+, D -^ PP, where D is D^ or D^, and their 
charge-conjugate modes. Even though there are strong phases involved, (j)^ can be ex- 
tracted in a theoretically-clean manner if one uses more than one kind of D decays. The 
required statistics, however, is quite large. The value of the relevant amplitude ratio r can 
be obtained by the fit. If it is known, one can improve the statistical power significantly. 

B^ -^ DK^ (Dalitz analysis) B+ -^ DK+, D -^ PPP, where D is D° or D°, and their 
charge-conjugate modes. This mode takes advantage of the interferences that occur in the 
Dalitz plot of the D — > PPP decay to extract (p^ as well as the strong phase. The value 
of the amplitude ratio r is also obtained in the fit. This analysis has a good statistical 
power; it requires, however, a detailed understanding of the structure of the Dalitz plot. 

More on the theoretical frameworks for each mode as well as the sensitivities are covered in later 
subsections. 

4.8.2 D(*)-7r+ modes 

For the final state D^*'?:^, the amplitudes of diagrams shown in Figure B. 8. 2l interfere. The two 
diagrams contributing to the amplitude a (or b) have the same CKM factors, and information 
on (/>3 is contained in 

p= — = -r exp(5 - (/)^) , (/)^ = 201 - (ps , (4.58) 

pa 
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Figure 4.28: Diagrams for B^,B^ ^ D vr 



where Bh = pB^ — qB^, r = \p\ and 6 is the relative strong phase between b and a. The 
time-dependent distributions are then given by 



r^__^_^+(At) =Afe-Tl^*l [(l + r2) + (l-r2)cos(5mAi-2rsin((/.^-(5) sm5mAt] 

r^+_^+^_(At) =Afe"Tl^*l [(l + r2) + (l-r2)cos(5mAt + 2rsin((/>^ + (5) sinSmAt] 

Tg-^jj+^-{At) =Ne-'^<\'^^\ [(1 + r2) - (1 -r2)cos(5mAi-2rsin((^^ + (^) sinJmAt] 

r^+^^_^+ (At) =Ne-"<\^^\ [(1 + r^) - (1 - r^) cos 5mAt + 2r sin((^^ - 5) sin JmAi] 



. (4.59) 



where F^- £)-^+(At) is the distribution of At = t^)^ — ttag when the tag-side is B^, etc., and 
Dtt can also be D*t: in which case r and 5 will be replaced by r* and (5*, respectively. The two 
relevant observables are r sin(i;^^ + 5) and r sin((/)^ — 5) . The value of r cannot be obtained by the 
fit itself, while the expected value of r'*' is roughly 0.02. One way to obtain r* experimentally is 
to use the S'[/(3)-related modes B^ -^ D)* tt^. However, there will be uncertainty associated 
with the validity of SU{3) and the size of the exchange diagram which is missing for Ds vr"^. 
The distributions are plotted in Figure !!. 291 where the value of r is artificially enhanced to 0.1 
in order to show the CP violating effects clearly. The top two of ()4.59|) can be called unmixed 
modes and the bottom two mixed modes. As may be noticeable in the figure, most of information 
on CP violation is in the mixed modes where CP violation appears as the height asymmetry of 
At > vs At < and the shift of the minimum from At = 0. Note that rsm((pyj + 6) can be 
obtained from the third distribution alone and rsin((/)^ — 6) from the fourth alone. The final 
state D*^TT^ can be detected by full reconstruction using the standard technique, it or can also 
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Figure 4.29: The At distributions of the flavor-tagged Dtt modes for r = 0.1, (pw = 1-2 radian, 
and 5 = 1.0 radian. The solid lines are for D^tt^ final state and dashed lines are for D^tt^ final 
states. The mixing parameter x is taken to be 0.71. 



0^- 



is 



be reconstructed by a partial reconstruction method where the D^ meson in D*^ -^ D^tt 
not explicitly reconstructed. Note that the D^*'7r^ methods work even when there are sizable 
exchange diagrams while the value of r^*' needs to be supplied externally. 

The distributions of At for i5^-tagged D*~^tt~ and D*~^tt~ are shown in Figure 14.301 for 
events with good tagging quality. The analysis was performed on 140/6~^ of data 289 . The 
full-reconstruction analysis gave the following preliminary results: 



2r*sin(0^ + 6*) 

2r* sm{(j)yj - 6*) 

2r sin{(j)w + 5) 

2rsm{(j)w — 6) 



0.109 ±0.057 ±0.019 
0.011 ±0.057 ±0.019 
0.087 ±0.054 ±0.018 
0.037 ±0.052 ±0.018. 



For 5 ab ^ and 50 ab ^ of data, the statistical errors will be 
6 2r* sm{(j)uj ± (5* ) ~ (5 2r sm{(j)^ ± (5) - 



0.009 (5 ab-i ) 
0.003 (50 ab-i ) 



(4.60) 



(4.61) 



We note that the value of r'*' is approximately 0.02; thus, the above errors correspond to the 
errors on sm{4>^±d^*>) of 0.23 and 0.07, respectively. If the value of r^*) is known, ^^ = 24>i + (j)s 
(and 6^*') can be extracted from sm{(j)w±6^*'). At this time, determining the value of r^*^ to 23% 
seems reasonably possible while 7% seems quite challenging. On the other hand, our knowledge 
on A*' will improve significantly by the time 50 ab~^ of data is taken. It is possible that the 
systematic error on (j)^ due to A*' is not overwhelming even with 50 ab^^ of data. 
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Figure 4.30: The distributions of At for i3°-tagged D*^tt (a) and D*+7r~ (b). For fully- 
reconstructed events with good-quality tags. (140/6^^) 





x'/ndf=Z76.Z/2BB 
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Figure 4.31: The partial reconstruction of D*it. The distributions of cos 6* for two lepton tagged 
samples, same-flavor and opposite-flavor tags. Based on 78 fb^^ of data. 
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Figure 4.32: Diagrams contributing to B — > DK and related modes. 



The statistical situation with the partially-reconstructed D *+7r^ is substantially better. The 
helicity of D*^ in the B rest frame is due to conservation of angular momentum. Thus, the 
decay angle 9* of the decay D*'^ -^ D^tt'^ should have the cos^ 6* shape. One can reconstruct 
cosO* without explicitly detecting D^, and the distributions based on 78 fb~^ of data are shown 
in Figure E^ separately for the two lepton-tagged datasets. There are 1110ib50 signal events in 
the same-flavor sample and 3510 it 80 signal events in the opposite-flavor sample. As a result of 
a At fit, the error on 2r* sin(^^ it 5*) was found to be 0.029. The statistical errors extrapolated 
to 5 ab~^ and 50 ab~^ of data are 



6 2r* sin((/)^ + 6* 



0.005 
0.0015 



( 5 ab" 
(50 ab 






(partial rec.) 



(4.62) 



The background is about 30% and comes mainly from B decays such as D*p and D**Tr. The 
accuracy of these background estimations is likely to improve with statistics. The uncertainty 
of r*, however, may become a limiting systematics. 

4.8.3 5± -^ DK*^ (ADS method) 

In B -^ DK , the number of c or c quark in the final state is one, and as a result the penguin 
processes b -^ s/d cannot contribute. When the neutral D meson is detected in a final state 
that can come from D^ and D^ , the two processes B~ —>■ D^K~ and B~ — > D^K~ interfere. 
Diagrams contributing to B^ -^ DK^ and related modes are shown in Figure 11.321 They are 
categorized in terms of the CKM factors involved (Ac = VcbVus ^^^ A^ = V^ufoV^cs) ^"^^ type 
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of processes (T: color- favored tree, C: color-suppressed tree, A: annihilation). B^ -^ D^K^ 
receives contributions from T and C both with the CKM factor Ac, while B -^ D^K^ can 
proceed by C and A both with the CKM factor A^. Thus, 

Amp(B-^D^K-) , , Amp(B+^D^K-) , , , ^ ^^, 

'''^ AmpiB-^DOK-) =^^-'^'^ ""'^ Amp^B^ ^ DOR-) = ^^ ^ ^' ^ ^'-''^ 

where Sb is the strong phase. We have noted 

arg -— = arg ^^ = —cp^ , (standard phase convention) (4.64) 

Ac VcbVus 

and that when charge conjugate decay is taken, the weak phase changes sign while the strong 
phase does not. On the other hand, the absolute size of Amp{B~' — > D^K~) or Amp{B^ — > 
D^K~) is the same for charge conjugate decays: 



\Amp{B' - 


-^D^K-)\ = 


= \Amp{B^ - 


-^D^K+)\=B, 


(4.65) 


\Amp{B- - 


^D°K-)\ = 


= \Amp{B^ - 


-^D^K+)\ =A. 


(4.66) 



If D^ and D^ are detected in a CP eigenstate such as K K^ (which is CP+; i.e. Di = 
{D^ + D^)/\^), the decay rates of B are, up to an overall constants of 1/2, 

T{B- ^ DiR-) = A + Be''-^B~'*"''>^ = A^ + B^ + 2ABcos{6B-(p3), (4.67) 



JiSs+M 



2 



r{B+ -^ DiK+) = A + Be'^'^+^^> = A' + B' + 2AB cos{6b + h)- (4-68) 

Then, there can be a decay rate asymmetry |29n[l29l] between B~ — > DiK^ and B^ -^ DiK^: 

A _'^DiK- -'^Dj_D+ -2r sin 6b sin 4>3 

I- DiK- +i^DiK+ 1 + r^ + 2r COS Ob COS 03 

with 

r ^ I . (4.70) 

The value of this r is expected to be around 0.1 to 0.2. For a CP— final states (such as Kstt^', 
i.e. D2 = {D^ — Z)'^)/v2), the asymmetry becomes 

^ ^ '^D2K- - '^D2K+ ^ 2rsin(5Bsin(/>3 

^DiK- +^D2K+ 1 + r2 + 2r COS (5b COS (/>3 ' 

Thus, once the value of r is given, the measurements of Ai and A2 can give 5b and 03 (2 equations 
and 2 unknowns). In practice, however, it is difficult to measure the value of r because of the 
doubly- Cabibbo-suppressed decays of D^ |292ll293j . It was pointed out, however, that by taking 
more than one final states to which both D^ and D^ can decay, one can solve for r and 5b (the 
ADS method |M1IM1)- 

The authors of |292U293J used B^ -^ DK*^ and assumed the D decay modes listed in 
Table UTTTI The strong phase 5i includes that for the B decay as well as that for the D decay. 
The table also shows the number of events expected for 10^ B^ or roughly 0.1 ab~^, where the 
detection efficiencies for each DK*~ are taken to be the same as the branching fraction of D — > i 
where i is the D decay mode shown. Namely, the detection efficiency of K*~ and those of the 
D decay final states shown are assumed to be unity. Under these assumptions, the estimated 

109 



mode 


T^event 


scale factor 


strong phase 6i 


K+TT- 


83 


1 


10° 


KsTt'^ 


791 


0.34 


20° 


K+p- 


224 


0.5 


30° 


K+ai- 


791 


0.22 


49° 


Ksp' 


362 


0.30 


200° 


K*+TT~ 


65 


0.33 


50° 



Table 4.17: The D decay modes used for the sensitivity study of B^ — > DK*~ mode and 
the strong phases assumed. The number of events are for 10^ B^ when the DK*^ detection 
efficiency is assumed to be Br{D -^ i). The scale factors are relative to the K~^tt~ mode for 
realistic detection efficiencies described in the text. 



sensitivity on (j)^ is 9°. The scale factor includes 2/3 per track, 1/2 per 7r°, and relevant branching 
fractions where K*^ is assumed to be detected as K~tt^ and Ksit~ . The value of (^3 is taken 
to be 60° and r to be 0.1. Figure OSl shows the AE distribution for B' -^ DK', D -^ K+n' 
using 78 fb^^ of data. The detection efficiency was estimated by MC to be 0.27. With the 
measured background and the expected signal yield, S/N is estimated to be 1/7. Combining all 
the above, the required integrated luminosity for 6(j)^ of 9° becomes 31 ab~^, or equivalently 




(5 ab-i) 
(50 ab-i) 



(DK*) . 



(4.72) 



If the value of r is larger than 0.1, the sensitivities will be better. This analysis is theoretically 
clean and will probably be limited by statistics even for 50 ab~^ of data. Approximately the 
same sensitivity is expected from DK~ mode and the combined sensitivities will be l/v2 times 
those shown above; namely. 



^3 = 



16° (5 ab-i) 
5° (50 ab-i) 



[DK* + DK) . 



(4.73) 



If the value of r is known, then one can use CP eigenstates of D decays such as K~^K^ (CP+) 
and KgTT^ (CP—) to extract (p^ as well as the strong phase 6b- This method is statistically more 
powerful than the ADS method described above; the value of r, however, is not known well at 
this time and seems to be more difficult than the value of r for the D^*'it modes. It should be 
noted, however, that the value of r measured in the Dalitz analysis of the following section may 
be used for this analysis. 



4.8.4 B^ -^ DK^ (Dalitz analysis) 

Use of the Dalitz plots in B — > DK has been suggested in 
this analysis, the D meson is detected in the final state i^^vr+vr 



and recently by |294j . In 
If the amplitude of D^ decaying 



to a point in the Dalitz plot, m {Kst^ 



mz 



and m (KsTT ) = m_, is given by f{m^ 



,m_ 



then that of D^ decaying to the same final state can be written as f{m'^,m'^) where the two 
arguments are simply exchanged. This is due to the approximate CP conservation of the D 
decay. Explicitly, 



Amp{D^){mK^^^ 
Amp{D^){mK ^^ 






?n,_) = f{'m_^,m_) 
r?2_) = f(m_,m_^) 



(4.74) 
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Figure 4.33: Search for B' -^ DR-, D -^ K+n^. The data is 78 fb~^ 
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The total decay amplitude for B -^ DK , D -^ Kstt^tt is then 

= A[f{ml,ml)+re'^^B~''"'^f{ml,ml)], (4.75) 

where A,r,6B are defined in the previous section. The total decay amplitude for B^ — > DK'^, 

D — > KsTT^TT^ , where m'^{KsTT~^) = rn^ and m?'{KsT^~) = m?_, is similarly 

= A[f{7y?_,m\)+re'^^B+4>-i)f^^2^^^2_y^^ (4,75) 

where the sign of 03 has flipped while the strong phase 6b remains the same. 

The Dalitz plot for D^ — > Ksi^'^i^~ based on the CLEO measurement |295j is shown in 
Figure l4., 'ML As can be seen from the Dalitz plot, the distribution is highly asymmetric under 
the exchange of ?7z^ + and mj^ - which indicates that the interference in the Dalitz plot has 
a good sensitivity on the phase between the two terms of (|4.75|) and (|4.76|) . The phase angles 
6b — (ps and 6b + (ps are obtained from the separate fits of B~ and B^ decays and (p^ can be 
extracted therefrom. 

Figure 11.351 shows the AE and Mb distributions for B^ -^ DK^, D — > K^tt+tt", based 
on 140 fb~^ of data, and the Dalitz plots of the D decays are shown in Figure 14.361 separatelv 
for B~^ and B~ !16|. The results of an unbinned maximum likelihood fit for the parameters 
r(= a), 6b{= 6), and 03 are shown in Figure d. 371 For ^3 and 6b, the fit yields 

03 = 95ti^±13±10(°) 

6b = 162t^^±12±24(°) (4.77) 

where the first errors are statistical, the second are experimental systematic errors, such as from 
background shapes and efficiency shapes, and the third errors are additional systematic errors 
due to the D decay model dependence. With 5 ab~^ and 50 ab~^ of data, the statistical errors 
will be 

[4° (5 ab~M ,,^„, 

'^^ = I 1.2° (50 ab-) • ^'-'^^ 

With more statistics, the Dalitz distribution of -D'^ — > i^T^Tr^vr" will be measured more accurately 
using £)*+ — > D^TT^. Even though it is not clear at present if the uncertainty due to the D decay 
modeling can be reduced to a level of one degree, it is quite possible that the measurement is 
not overwhelmed by systematics at 5 ab^^. Furthermore, the value of r measured in this mode 
can be used in the B — > DK modes. 
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Figure 4.34: The Dalitz plot for D^ -^ Kst^'^t^ based on the CLEO measurement. 
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Figure 4.35: The AE and Mb distributions for B^ -^ DK^, D -^ Kstt+tt-, based on 140 fb' 
of data. 
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Figure 4.36: The Dahtz distributions for B^ -^ DK^ (left) and B -^ DK (right), where 
D -^ KsTT^TT^ based on 140 fb of data. 
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Figure 4.37: The results of the fit for r(= a), 5b (= 6), and 03 . 
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4.9 IK^I 

4.9.1 Introduction 

Precise determination of the magnitude of the Cabibbo-Kobayashi-Maskawa matrix element Vub 
is of fundamental importance in over-constraining the unitarity triangle, and thereby finding ef- 
fects of physics beyond the Standard Model. Such a serious examination would require precision 
of a few percent. A high luminosity SuperKEKB/Belle experiment will provide such a unique 
opportunity. 

In principle, \Vuf,\ can be determined using data for semileptonic B — > X„£z^ decays, where 
Xu denotes a hadronic system containing a u-quark. Both inclusive and exclusive measurements 
are useful. However, the present error in \Vub\ determination is about ±20% j58| . and limited by 
both experimental and theoretical systematic errors. The high luminosity at the SuperKEKB 
will enable us to perform high statistics measurements oi B ^ Xuiv decays with "i? tagging" . 
This will lead to rate measurements with significantly reduced experimental systematic errors 
and also to \Vub\ extraction much less biased by theoretical ambiguities. These features are 
unique at a high luminosity e^e^ S-factory, and cannot be achieved at e~^e^ machines with the 
luminosity available so far nor at present or future hadron machines. 

In this section, we discuss strategy and prospects for determination of \Vub\ at the Su- 
perKEKB/Belle experiment using both inclusive and exclusive semileptonic B — > Xu(.v decays. 

4.9.2 Theoretical formalisms for the semileptonic B decays 

Inclusive decays 

The amplitude for B — > Xulv inclusive decay can be computed in perturbative QCD using 
the Operator Product Expansion (OPE). Since the h quark inside the B meson has momentum 
{mbV + k)'^, where k is the residual momentum of 0{Aqcd), the OPE is carried out by expanding 
the quark propagator as 



1 1 



{mbV + k — qY {nibV 



{ruhV — q) ■ k k'^ 

{rribV — qY (rubV — qY 



(4.79) 



Denoting the invariant mass and the energy of the hadron state Xu as mx and Ex, the first 
term is of order Ex^qcdI^x while the second term is of order AQ(^£,/m^. 

The phase space can be divided into the following three regions (see Figure l4.!-{8j) : (i) a 
generic region where Agc/j/mx, {ExAqcd)I"'^x *^ -'-• ^^ ^^^^ region, the differential decay 
rate can be successfully expanded by the OPE; (ii) a shape function region (or collinear region) 
where h.QCD/fnx ^ 1 and {Ex-^-qcd)/it^x ~ -'-• ^^ this region, a class of A.QCDE/m\ terms 
must be resummed, which can be described by the shape function of the B meson |296|l297ll298j 
and its higher twist corrections; (iii) a resonance region where ^QCD/fnx ~ 1. In this region, 
the differential decay rate is dominated by a few exclusive states so that neither the OPE nor 
the twist expansion work. 

Since the B -^ Xylv decay suffers from B — > Xclf decay background one has to introduce 
the cut of the following kinds: 

• lepton energy cut : Ei > {m^ — m\))/{2mB)- 

• hadron invariant mass cut : m\ < m?j-). 

• lepton mass cut : q^ < (ms — muY. 
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Figure 4.38: Phase space for B -^ Xylv decay. 
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• combined {q^,m\) cut. 

For the Ei cut, only 10% of the rate is available, which is dominated by the shape function 
region. In this region, the lepton energy spectrum at the leading order is given by 

^ = ""'"^mS^' I "-'^^^ - 2^' -)/(-)' (4.80) 

where f{uj) is the shape function define by 

f{uj) = -^{B\h6{in-D + uj)\B). (4.81) 

Since this function is a universal quantity of the B meson, it can be measured experimentally 
through other processes. For example, the photon spectrum of i? — > Xs'^ decay is given by [S 

dV _ Gl\Vtiyt%?oiQEDm 



dE^ 327r4 



/(u;). (4.82) 



Therefore, the extraction of \Vuh\ can be done without the theoretical uncertainty of the shape 
function, if one considers a ratio of weighted integrals over the endpoint regions oi B ^ Xulv 
decays and the photon spectrum in i? — > ^^7 decays as |30Ull3Ulj 



Vub 



VthVtl 



^-^^^K,UE,f^ + OiMMs), (4.83) 



where 



r„,S„) = r'\E,m^^. ,4,84) 

Jeq dEi 

2 /'"^/^^ .^ ^.dViB^Xsj) 



T.iE,) = —J^^ dE,iE.,-E,)^-^^-^. (4.85) 

The coefficient KpertiEo) is a factor from short-distance effect which can be calculated in per- 
turbative QCD. There are two major sources of uncertainties. The first is the unknown higher 
twist corrections to the shape function 1/mb |302p303p304p3 05 . Based on model calculations this 
higher twist correction is expected to be of order 15% for Ef^^ = 2.3 GeV. The second is the weak 
annihilation contribution of 0(l/mf ), which is estimated as 10% for £^f"* = 2.3 GeV [HflfillMTj . 
These two uncertainties can be reduced below 10% by lowering the lepton energy cut by com- 
bining with other cuts. 

For the m^ cut |HnHll;-!()i)ll3'i()ll31'ill3'ii^j . 80% of the kinematic range is available but still the 
results are sensitive to the shape function. This cut also suffers from the singularity due to the 
bremsstrahlung diagram when the partonic invariant mass s = {nih — f )^ is zero. 

For the pure q^ cut, 20% of the rate is available and the decay rate is not sensitive to the 
shape function |313j . However, the kinematic range is sensitive to the resonance region and the 
convergence of the OPE as well as the convergence in the perturbative expansion in as are slower. 
The largest error comes from the weak annihilation contribution of 0{l/'mf). The rate with q'^ is 
also sensitive to the uncertainty of rrih j314j as can be seen from the rra^ dependence of the partial 

decay rate parametrized as r(g2 > g^^J oc mf ^''™*\ where ^{qlut) ~ 10 -h '^ ^ ^^ . 

To summarize, possible sources of errors are (1) perturbative error from unknown two-loop 
corrections, (2) shape function contributions and bremsstrahlung, (3) uncertainties in rrib-, and 
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Cuts on (g^, m'j.) 


^(gcut'^^cut) 


■^struct ^ 


^pcrtC 


±80/30 MeV 


Ai/^sG 


AG 


Combined cuts 
6GeV^1.86GeV 
8GeV2,1.7GeV 
llGeV2,1.5GeV 


0.38 
0.27 
0.15 


-4% 
-6% 
-7% 


4% 
6% 
13% 


13%/5% 
15%/6% 
18%/7% 


6% 
8% 
16% 


15%/9% 
18%/12% 
27%/22% 


Pure q'^ cuts 
{tub -mz).)2,m£,* 


0.14 
0.17 


— 


15% 
13% 


19%/7% 
17%/7% 


18% 
14% 


30%/24% 
26%/20% 



Table 4.18: G{q^^^^^,mcut) and its errors for different choices of (g^^^-jmcut)- AstructG* gives the 
fractional effect of the structure function /(A;+) in the simple model which is not included in the 
error estimate. The total error is obtained by adding each error in quadrature. The two values 
correspond to Aml^ = ±80 MeV and ±30 MeV. Table is from [SEl. 



(4) 0{l/m'^) power corrections. The optimized method would be obtained by combining the q'^ 
and m'j^ cuts [315| . The kinematical constraints mx < rtiD and g^„j > niBrrn, — {mP^*)'^ reduce 
the charm background. If we raise g^„^ the errors (3) and (4) gets larger while if we lower q^„^ 
the errors (2) gets larger and (1) is small in the intermediate q^ region. Thus it is important to 
find the best cut that minimizes the sum of these errors. 

In Table 14.181 we give results of |315j for the errors of the partial decay rate normalized by 
the total tree level parton decay rate defined as 



Gl\Vub\^m 



1927r'^ 



^G(g^ut,mcut) = 



9?ut 



dq 



^2 



so 



ds 



dr 

d(pds 



(4.86) 



In order to achieve the \Vub\ determination with a few percent accuracy, q^ut—^ GeV^ (and 
m'j^cut ~ ^d) ^^ ^^^ optimal choice. The dominant error in this case is the uncertainty in ?7ife. 
It is therefore important to determine the bottom quark mass to 30 MeV/c^ accuracy. 



Exclusive decays 

The exclusive semileptonic decay B 
the following formula, 



■nlv determines the CKM matrix element \Vub\ through 



171 



Lrp 

247r3 



\{vKf-ml\^l^\V^,\^\t{q')\\ 



(4.87) 



where the form factor f~^ is defined as 



{Tr{k)\q^%\B{p)) 



fHe 



{p + ky 



m 



B 



m. 



ILqt^ 



+ f%' 



m 



B 



m 



^<7^ 



(4.88) 



with p and k the B and vr meson momenta, q = p — k is the momentum transfer and q^ = 
rriB + fn^ — 2mBV ■ k, where v is the velocity of the B meson. Since the most promising approach 
in which systematic improvement based on the first principle calculations is possible is lattice 
QCD, we focus on the lattice computation of the form factors. 

Lattice calculation suffers from three major limitations. One is the discretization error from 
the large energy of the initial and final hadrons. In order to avoid such error, spatial momenta 
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method 


stat. 


disc. 


1/M extrap. 


pert. 


NRQCD (JLQCD) 
extrap. (APE) 


10% 
10% 


16% 
5% 


15% 


4% 


NRQCD (future) 
extrap. + HQET (future) 


<5% 
<5% 


4-10% 

5% 


5% 


4% 



Table 4.19: Typical errors of the form factor f^{q^) for q^ > 16 GeV^ at present and future 
prospects, "stat.", "disc", "1/M extrap" , and "pert." stand for statistical, discretizations, 1/M 
extrapolation, and perturbative errors. 

must be much smaller than the cutoff, i.e. \pb\, I^ttI < 1 GeV. This means that the form factors 
can be computed reliably only in the range of v ■ k = Et^ < 1 GeV or equivalently q^ > 18 
GeV^. Another limitation is the fact that due to the limited computer power the light quark 
mass range for practical simulations is nig/S < ruq < mg or rriT^ = 0.4 ~ 0.8 GeV. In order 
to obtain physical results chiral extrapolation in the light quark masses is necessary. The last 
limitation is the large discretization error from the 6-quark mass. In the present simulations, 
the lattice cutoff is limited to a~^ = 2 — 3 GeV, so that the 6-quark mass in lattice unit is 
larger than unity. This makes the discretization error of 0{amb) completely out of control. In 
order to avoid this error, one either carries out simulations around a charm quark mass region 
and extrapolate the result in the inverse heavy quark mass l/mq (extrapolation method), or 
use heavy quark effective theories, such as NRQCD action or Fermilab action (HQET). In both 
cases, extrapolation or interpolation of the form factors in l/mq may be performed using the 
HQET- motivated form factors fi{v ■ k) and f2{v ■ k) j316j 



{7:{k)\qrb\B{p))=2 



fliv ■ k)v'' + f2iv ■ k) 



V ■ k 



(4.89) 



With this choice the heavy quark scaling law is explicit, and the form factors are simply expanded 
in terms of l/mq. 

So far all lattice calculations of the form factors have been performed only in the quenched 
approximation, in which the sea quark effects are neglected. The systematic error due to quench- 
ing is hard to estimate but typical errors in many quantities such as light hadron masses and 
decay constants are expected to be at 10-15% level. 

Recently five lattice collaborations have carried out quenched QCD calculations of B ^ ttIu 
form factors using extrapolation methods L32,133 , the Fermilab action 134 , and the NRQCD 
action |135ll317j for the heavy quark. Figure 11.391 shows the results from different lattice groups. 
f~^{q^) agrees within systematic errors, while f^{(f') shows deviations among different methods. 
The reason for the discrepancies in f^{q^) can be attributed to the systematic error in the chiral 
extrapolation and heavy quark mass extrapolation (interpolation) error. The error of the form 
factors in the present calculations is around 20%. In addition to the quenching error and the 
chiral extrapolation error, the major errors are the statistical error, the discretization error and 
the 1/M extrapolation error. 

Table 0321 shows the errors by the JLQCD collaboration (NRQCD) and the APE collabora- 
tion (the extrapolation method). We also list expected errors in unquenched lattice calculations 
with a~^ = 2^ GeV in the near future. The present NRQCD method (JLQCD) has a large 
discretization error since a~^ = 1.6 GeV is used. It would be possible to carry out simulations 
with a~^ = 2 — 3 GeV, so that the error of 0{{ak)'^) are reduced to 4-10%. The discretiza- 
tion error in the extrapolation method appears in the lattice results for the charm quark region 
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Figure 4.39: B -^ nil' form factors by different lattice groups. Filled symbols represent f~^{q'^) 
and open symbols are f^{q^)- 
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themselves, which is propagated through the final result by extrapolation in 1/M. Since the 
present quenched calculation is carried out with a~^ = 2.7 GeV, they will remain to be of the 
same order. 

There are several proposals to improve the form factor determination. The quenching error 
can be resolved only by performing the unquenched calculations. Recently, the JLQCD collab- 
oration has accumulated nj = 2 unquenched lattice configurations with 0(a)-improved Wilson 
fermions |318j . and nj = 2 + 1 unquenched configurations with improved staggered fermions 
have been produced by the MILC collaboration jl29j . These unquenched QCD data should be 
applied to form factor calculations. 

Using the heavy quark symmetry is another way of improvement. Since the CLEO-c exper- 
iment can measure form factors for D -^ ttIv to a few percent accuracy, their results will be a 
good approximation for the B -^ ttIv form factors. Then the task for lattice QCD is to provide 

the 1/mn dependence of the form factors. The B to D ratio ——, ttttt 7~T with the 

aT[D —>■ 7rlu)/a{v ■ Kt^) 

same recoil energy v ■ k-j^ would be a nice quantity to measure on the lattice, since a large part 
of the statistical error, the perturbative error and the chiral extrapolation errors are expected 
to cancel in this ratio. 

In the large recoil momentum region the light-cone QCD sum rule (LCSR) may be used to 
calculate the form factors |iil9,320,321,322 . In Figure 11.391 the latest result |322j is also shown 
on top of the lattice calculations. The curve below g^ = 14 GeV^ is the LCSR result. At q'^ = 
14 GeV^, it is connected to a pole dominance model f^{q^) = c/{l — q^/m\*), which is expected 
to be a good approximation when q^ is close to m?g* ■ 

Model independent bounds for the whole q^ range can be obtained with dispersion relation, 
perturbative QCD, and lattice QCD data j323j . Reducing the lattice errors or having other 
inputs would significantly improve the results. More elaborate studies along this line would be 
important. 

Recently, the UKQCD collaboration '324j and the SPQcdR collaboration j325j performed 
studies of -B — > plv form factors. Both collaborations use 0(o)-improved Wilson action for the 
heavy quark and extrapolate the numerical results of mq ~ rric toward the physical b quark mass. 
UKQCD obtained the partially integrated decay rate in the region 12.7 GeV^ < q^ < 18.2 GeV^ 
asr = (4.9tl2+^°)xl0i2.-i|K,p. 

4.9.3 Measurement of inclusive h ^ u semileptonic decays 

Measurement of the inclusive rate for B — > X^^v decays is the most straightforward approach 
to determine \Vub\- OPE provides a firm theoretical basis to convert the measured rate to \Vub\- 
However, this is true only when the total rate can be measured with a small enough error. 
Experimentally, however, we have to introduce cuts on kinematical variables, such as E^, mx 
and g^, to reduce the huge B -^ Xc^v background, and only a limited phase space is available in 
a practical measurement. This complicates the situation, and the cut has to be chosen carefully 
to minimize the theoretical uncertainties. As discussed in the above section, one of the best 
strategies is to apply a combined cut on {q^,mx)- 

In T(4S') experiments, a correct measurement of {q'^,mx) is possible when the accompanying 
B decays are fully reconstructed. This technique, referred to as "full reconstruction tagging", 
allows us to isolate tracks from the signal B decays for correct reconstruction of mx , and also 
to determine the momentum vector of the signal-side B meson. The latter helps to improve 
reconstruction of the missing neutrino, leading to correct reconstruction of q"^ and better dis- 
crimination of -B ^ Xcii' background leaking into the signal phase space. Full reconstruction 
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Figure 4.40: Distribution of reconstructed mx with a full reconstruction analysis using 141 fb 
of data. 
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tagging also allows us to determine the flavor and charge of the signal-side B. It helps to iden- 
tify the signal lepton using the correlation between the B flavor and lepton charge, and also to 
measure the decay rate separately for neutral and charged B mesons. However, this ultimate 
measurement requires a large accumulation of BB data because of the relatively small efficiency 
in the full reconstruction of the accompanying i?'s (a few times 0.1%). Therefore, the high lu- 
minosity of the SuperKEKB provides an unique opportunity to perform this measurement with 
high statistics. 

Such analysis with the full reconstruction tagging is being performed with the present Belle 
data, although with limited statistics. Figure 14.401 shows the distribution of reconstructed mx 
for the q^ region above 6 GeV^, based on 140 fb~^ of data accumulated by Summer 2003. In 
this data sample, the number of fully reconstructed events is about 1.4 x 10^ (9.1 x 10^ of B~^ 
and 4.7 x 10^ of B^ events), and it corresponds to the full reconstruction efficiency (efrecon) of 
0.1%. In the low mx region, one can see a clear enhancement of the B -^ X^i-y signal over the 
expected B -^ X^lv background. In the region mx < 1.5 GeV/c^, for example, the observed 
signal {S) is 68 with a predicted background {B) of 56, resulting in a signal-to-background ratio 
(S/B) of 1.2. Table ESDI summarizes the efficiency to detect the B — > Xuiu signal once the 
accompanying B is fully reconstructed (e^^^j), and the signal-to-background ratio {S/B). Here, 
values are shown for three mx cuts, mx < 1.5, 1.7 and 1.86 GeV/c^, with the q^ cut fixed at 6 
GeV^. We note that a similar analysis by the BaBar collaboration has better S/B by a factor 
of 2 f23l. 
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Quantity mxcut 

1.5 GeV/c^ 1.7 GeV/c^ 1.86 GeV/c^ 

eb^u 0.14 0.17 0.17 

S/B 1.21 0.61 0.32 



Table 4.20: Efficiencies to detect the B -^ X^ii^ signal for the fuhy reconstructed events (eb^u) 
and the signal-to-background ratio {S/B) for three different cut values. 

Based on extrapolation of the present Belle results and realistic assumptions for the improve- 
ment in efrec and S/B^ we have estimated the \Vub\ precision at a SuperKEKB/Belle experiment. 
We consider here the statistical, experimental systematic and theoretical errors, and estimate 
them as follows. 

Statistical error: The statistical error (Astat) is simply scaled with the integrated luminosity 

{L), 

Astat = 77 X J '- , 4.90 

2 V "0 X ffrec X £;,_»„ X L 

where no is the rate of -B ^ X^iv decays after full reconstruction, estimated as 68/(0.14 x 
141) = 3.2/fb^^. The factor ffrec accounts for the improvement in ej^ec; that is 2.2 x 
10^/1.4 X 10^ = 1.6 (see Table 1^^ . The factor fg/B accounts for a possible improvement 
in S/B from the results in Table E^^Ul and is assumed to be fsm — 2 based on the above 
mentioned BaBar result. 

Experimental systematic error: The major source of experimental systematic error {lS.syst) 
will be associated with the background subtraction, and largely depend on the signal- 
to-background ratio. For instance, the {q^,mx) measurement by Belle using an advanced 
neutrino reconstruction technique |326j has S/B = 0.18 and the total experimental system- 
atic error (in Br{B — > X^^i/)) of 18.1%, dominated by the BB background subtraction 
error of 16.8%. Relying on this result and assuming a naive scaling of the background 
subtraction error with {S/B)~^, Asyst is estimated as, 

Asyst = ^ X [0.168 X g^^'^^f^ ^ ® 0.03] . (4.91) 

Here, we add in quadrature a 3% error associated with the signal detection efficiency. The 
estimation then gives Agyst = 2.8% in \Vub\- 

Theoretical error: As discussed in Section 14.9.21 the theoretical error (Afheo) is minimum 
at a choice of {q^ut->''^Xcut) = (6GeV^, 1.86GeV/c^). The dominant error in this case is 
the uncertainty in the 6-quark mass. Based on a combined fit to recent experimental 
data of B semileptonic decays, Bauer, Ligeti, Luke and Manohar have deduced m\ = 
4.74 lb 0.10 GeV, where the error is dominated by experimental uncertainties j327j . If the 
experimental uncertainties are eliminated in the future, the present 100 MeV error shrinks 
to 30 MeV. Then Atheo = 1/2x9 = 4.5% in jKbl, according to TableEIHl 

Adding the above three error sources in quadrature. Figure 11.411 demonstrates the expected 
improvement of \Vub\ error as a function of the integrated luminosity L, with the optimal choice 
of {q cut J ''^x cut) = (6GeV^, 1.86GeV/c^). In conclusion, with a precise determination of the 
6-quark mass, a \Vub\ error of less than 5% is achievable at L = 5 ab~^. 
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Figure 4.41: Expected improvement of \Vub\ error as a function of L. 

4.9.4 Measurement of exclusive b —>■ u semileptonic decays 

The measurement of the inclusive B — > X^ii^ decay is insensitive to theoretical ambiguities, but 
experimentally challenging because of the large background from B -^ Xciv decays. Comple- 
mentary to this, the measurement of exclusive decays, such as i? — > ttIv and B -^ plu, provides 
experimentally cleaner information, but is subject to large theoretical uncertainties in the form 
factors. On the experimental side, it is essential to provide precise data for the differential rates 
dr/dq^ of each exclusive channel. This is because dT /dq^ varies depending on theory models, and 
such data helps to test the model. Precise data in the high q^ region is especially important, since 
lattice-QCD calculations, the most promising tool for reliable model-independent determination 
of iV^ftl, are possible only in the region q^ > 18GeV^, as discussed in Section 14.9.21 While there 
have been several exclusive measurements in the literature 328, 329, 330, 331, 332, 333 , these 
data lack information on the q'^ distribution or, even if they include such information, suffer from 
poor statistics and from relatively large systematic errors. A high luminosity SuperKEKB/Belle 
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experiment will enable us to measure the q^ distributions with high statistics and less systematic 
uncertainties. Combined with improvements in lattice QCD with unquenched calculations in 
future, this will lead to useful determinations of \Vub\- 

One of key experimental issues in measuring the exclusive B — > ni'^v/ pl'^v decays is the 
reconstruction of the undetected neutrino in the final state. Information on missing energy 
and momentum of the event have been used to infer information about the missing neutrino 
("neutrino reconstruction"). This method, originally developed by CLEO, has been applied 
in existing measurements and exploits the known kinematics of the e+e~ — > T(4S') reaction 
and near 47r coverage ("/lermeticity") of the detector. In reality, however, hermeticity of a 
detector is never complete. This lack of hermeticity allows background from both BB and 
cross-feed {e.g., ttIu <^ plv) to contribute, where the latter is serious especially in the high 
q^ region. For instance, the recent CLEO measurement j^-J.'Slj provides Br{B -^ iriv) with a 
statistical error of 13.5(36.0)% and an experimental systematic error of 8.6(18.3)% for the whole 
q'^ (g^(> 16GeV^) region. The experimental systematic errors are mainly associated with the 
neutrino reconstruction; 6.8% in the whole q^ region and 17.2% in the q'^ > 16GeV^ region. 
The CLEO result has been obtained with event sample of only ~ 10 fb~^, and we can quickly 
improve the statistical error to a few %. However, the systematic error arising mainly from the 
neutrino reconstruction will soon limit the experimental uncertainties. 

As in the case of the inclusive measurement, which is discussed in the previous section, anal- 
yses with full reconstruction tagging improve the situation substantially, and make best use of 
the high luminosity at SuperKEKB/Belle. Figure 14.421 compares the missing mass resolution 
for (a) full reconstruction tagging (for B — > D^l^u with 78 fb~^), and (b) classical v recon- 
struction (for B -^ ujI^u with 78 fb~^) in the present Belle analyses. An improvement in the 
FWHM by almost a factor of 50 is seen for the full reconstruction analysis. We can also consider 
semileptonic tagging, where one tags more abundant B — > D^*H'^v decays in the accompanying 
B decays. This technique provides about 4 times more statistics by sacrificing purity and q^ 
resolution. Belle has presented a preliminary inclusive analysis result using this method |334j . 
An exclusive analysis using this method is also in progress. 

Figure 11.431 shows the expected improvement of the experimental error in \Vub\ as a function 
of the integrated luminosity L, for the whole q^ and the high q^ regions. Here, the errors 
are estimated by extrapolating the present Belle analysis using semileptonic tagging, and are 
compared with the classical neutrino reconstruction. One can see that the classical neutrino 
reconstruction will soon hit the systematic limit. At a few times 100 fb~^, the tagging analysis 
will provide more precise results. The experimental precisions in \Vub\ expected at 5 and 50 ab~^ 
are 2.3% and 1.9%, respectively, for the whole q^ region, and 2.9% and 2.1%, respectively, for 
the q^ > 16GeV^ region. 
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Figure 4.42: Missing mass resolution in (left) a full reconstruction analysis and (right) a classical 
neutrino reconstruction analysis. 
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Figure 4.43: Expected improvement of the experimental error in |V^fe| as a function of the 
integrated luminosity L, (left) for the whole q^ and (right) the high g^ regions. 
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Figure 4.44: Experimental status of the LFV search. 

4.10 Tau decays 

4.10.1 Introduction 

The r lepton is the only charged lepton that is heavy enough to decay hadronically. Its variety of 
pure-leptonic and semi-leptonic decay modes makes it possible to study various physics issues. 
With an anticipated luminosity of 5 x 10'^^ cm^^sec^^, SuperKEKB is expected to deliver a 
sample of 1.5 x 10^'^ tau pairs in three years of data taking. This huge data sample allows us to 
attain a single event sensitivity of 3 x 10"^*^ for branching fractions for a 10% detection efficiency 
with no backgrounds. Research making the best use of such a large data sample can be divided 
into two categories: the sensitivity frontier and the precision frontier. The sensitivity frontier 
involves searches for new physics phenomena in rare or forbidden decays, while on the precision 
frontier one searches for a small inconsistency with the SM in a high precision measurement. 
Among many possible subjects at the sensitivity frontier, here we discuss the search for Lepton 
Flavor Violation (LFV) phenomena at SuperKEKB. 

A theoretical overview of lepton-flavor-violating process beyond the Standard Model is given 
in Section ism 

4.10.2 Present experimental status 

So far, tau physics has been carried out mostly at electron-positron collider facilities. Samples of 
e^e~ -^ T^T~ reactions are selected based on characteristic properties, such as low multiplicity 
with a well coUimated back-to-back jet-like pattern and missing momentum (energy) due to 
missing neutrinos. While these requirements will remove BB and a large portion of continuum 
reactions, an appreciable amount of Bhabha, muon-pair and two-photon processes remain and 
become severe backgrounds. Since r decays always include neutrinos, the r cannot be exclu- 
sively reconstructed. Therefore background contamination cannot be totally avoided. The LFV 
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processes discussed here are exclusive decays and much higher sensitivity than for other decay 
modes could be attained. 

Belle has so far analyzed 86 fb~^ of data for r — > /i~(e~)7, 83 fb"^ of data for r^ -^ fi^{e~)h^ 
(where /i" denotes either h^ = r],r]' or vr*^), and 87 fb~^ of data for r~ -^ l^l^l^. The current 
experimental status is summarized in Table 14.211 and the history of r~ -^ /z~(e^)7 searches 
is shown in Figure 14.441 It is seen that the older data, mostly collected by CLEO, are no 
longer competitive with the best limits from the Belle collaboration. Upper limits for branching 
fractions go down to the 10"''' level and the searches are approaching regions sensitive to new 
physics. 

In this section, we discuss the experience in r physics research that we have acquired during 
the analysis of the current Belle data. 

While the signal side r is exclusively reconstructed for every LFV process, the tag side is 
required to be composed of a single charged track and any number of photons with neutrinos. 
The mode t~ -^ /i~(e~)7 has the fewest constraints, so that a certain amount of background 
inevitably remains. The t~ -^ fj,~{e^)h mode includes extra constraints that provide additional 
background rejection power, although there is some decrease of the detection efficiency due to the 
higher multiplicity. Together with the kinematic constraints for the signal, particle identification, 
especially for muons and electrons, play an essential role for event selection. The Belle detector 
provides a //-id efficiency of 90% and an e-id efficiency of 97-98%: the event selection power 
is strong and then background contamination is little at the electron accompanying processes. 
The contamination due to the inefficiency of /i-id is 28% for r~ — > /i~7, while the rate due to 
the inefficiency of e-id is 6% in t~ -^ e~j. 

We have introduced a new requirement on the relation between the missing momentum and 
the missing mass-squared in t~ — > /z~(e~)7, in addition to the conventional requirements. It 
is quite effective; 98% of generic tau-pairs and 80-90% of radiative Bhabhas, muon-pairs and 
continuum are removed, while 76% of the signal is retained (See Figure ll.45() . 

Within the data analyzed, no signal candidates are found in the signal regions for r^ -^ 
fi~{e~)h^ and r~ -^ l~l^l^ . On the other hand, r~ — > ^~(e~)7 suffers from backgrounds as seen 
in Figure B.46I (a). The principal background remaining after the selections for r~ -^ ij,~{e~)'y 
originates from t^t^ . In particular, the radiative tau-pair process (e~e~ -^ t'^t"^) dominates. 
One of r's decays semi-leptonically from which the lepton and the radiated photon composes 
a tau candidate, while the other tau decays leaving one charged track in the detector with a 
different lepton flavor. Multi-photon radiative muon-pair (and Bhabha events) yield the second 
largest background: one of leptons and a radiated photon form a tau candidate, and the other 
lepton is mis-identified. These backgrounds cannot be discriminated from the true signal. 

For r~ -^ fi''{e~)r], fi~{e~)r]', fi~{e~)7r^ and t~ -^ l^l^l~, we evaluate the expected back- 
grounds in the signal region from the sidebands and extract the number of signal candidates. 
No candidate is found. The upper limits are calculated according to a Baysian approach. For 
r^ -^ /i^(e^)7 the background distribution was intensively studied using actual data and MC 
simulations, as is seen in Figure 14.471 A thorough understanding of the background's origin 
and properties was obtained. Finally, the number of signal events was obtained by means of an 
unbinned extended maximum likelihood method. 

4.10.3 Achievable sensitivity at SuperKEKB and physics reaches 

Figures 14.481 shows the sensitivities anticipated at SuperKEKB. The sensitivities shown by 
the triangular symbols are the expected sensitivities obtained by assuming some signal-to- 
background conditions and applying the unbinned extended maximum likelihood method at 
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Figure 4.45: A newly introduced selection regarding the missing quantities, Pmiss vs rn^jgg for 
(a) signal-MC events, and (b) for generic tau-pair MC. The selected region is the area between 
the lines. 
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Figure 4.46: Distributions of events after all selection requirements, (a) r -^ /^(e)7 with 86 
fb-\ (b) T^ firj with 83 fb-^. 
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Figure 4.47: Expected background distribution for r — > /x 7. 
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T~ ^ 
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T~ — * 
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Table 4.21: Limits on lepton-flavor-violating decay modes (90% confidence level) obtained so 
far from Belle data. The last column shows the previous limits from the PDG 2000 compilation. 
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Figure 4.48: Achievable upper limits for LFV decays at SuperKEKB. 

SuperKEKB. The lower-solid line are obtained by assuming no candidate events in the signal- 
region. 

The former case corresponds to r~ -^ fi^{e~)^. In the latter case, the upper limit decreases 
inversely proportional to the total luminosity Br oc 1/N^+^-. The r^ -^ fi^{e^)ri, n^{e~)ri', 
fj,~(e~)TT^ and r~ -^ l''l^l~ modes would follow a oc 1/N^+^- behavior for a short time as 
up-to a luminosity of a few 100 fb~^ and then gradually change to a oc l/\/N^+^- dependence 
as candidates begin to appear. Therefore, if the current signal-to-background condition is still 
maintained, the ultimate goal at 5,000 fb^^ could be a branching fraction sensitivity of several 
xl0~^ for r~ -^ jj,^{e^)ri, fi^{e^)ri', fi^{e^)TT^ and r^ -^ l^l^l^ . The r^ -^ /U~(e^)7 mode 
could be with a branching fraction sensitivity of a few xlO~^. 

Can we further improve the sensitivity? Experimental sensitivity is in general determined by 
three key elements: statistics, resolutions, and a signal-to-background ratio; and its experimental 
reliability depends on how well the systematic uncertainty of these aspects is controlled. We 
discuss here possible measures for improvements, based on experience from the Belle r~ -^ 
//~(e~)7 analysis. 
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Figure 4.49: iS.E vs. Mmv distribution for r -^ fi j decay. 

Statistics Besides accumulating higher luminosity, it is important to the detection efficiency 
including trigger performance. However, at a SuperKEKB, the selection criteria will become 
tighter and efficiencies will be lower than the current sizes. There is no way to increase the 
detection efficiency. 



Resolution Improvements on the momentum and energy resolution reduce the size of the 
signal region. The signal-to-background ratio and the resulting sensitivity are enhanced because 
the background distributes uniformly for a narrow AE vs. Minv region. As is seen in Figure ll.49| 
energy leakage in the calorimeter and initial state radiation yield a long low-energy tail, so that 
our signal region is defined to be quite large to include a sufficient portion of the signal, say, 
more than 90%. While the effect of initial state radiation cannot be controlled, the effect of the 
calorimeter leakage can be improved, for instance, by using a crystal with a longer radiation 
length and containing less lateral energy leakage in the analysis procedure. 

Improvement of particle identification ability is essential for all decay modes. The efficiency 
of e-id is already 98% so that further improvement would not be practical. On the other 
hand, the ;U-id efficiency is now 90% so that the efficiency increase may reduce background 
contamination, for example, (;U7)+not— /i events in the t~ -^ fi~^ search, and the sensitivity 
will increase. A KLM counter with finer segmentation in the radial direction might provide 
a better muon identification. K/vr separation is also important in searches for decays into 3 
hadrons. The Time-Of-Propagation counter being studied by the Nagoya group could be a very 
good candidate for improvement here. 
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Signal-to-background A newly introduced requirement for the missing quantities, Pmiss — 
^missi pl^-ys an important rule for background as seen in Figure 11.451 It makes it possible to 
achieve a sensitivity higher than that of the CLEO experiment. We also apply a new selection 
for T~ — > e~7, using the opening angle between the tagged track and missing particle direction; 
this criterion quite effectively removes the radiative Bhabha background. We have to create this 
kind of new criteria for future analysis. 



Physics Reach 



Figure 14.501 and 14.511 show a possible exclusion region in the rriA — tan/3 parameter 
space from t~ -^ fJ-~^- The region allowed by the current upper bound from the Belle 
experiment(< 3.4 x 10~^) and the one from non-observation with the 1000 fb~ are shown. 
In Fig. 14.501 the boundary is evaluated by multiplying a factor 8.4 to the formula given 



I.e. 



B{t- -^ ii'T]) = 3.2 X 10~ 



\5: 



T/l\ 



tan/5 
60 



/ Ma y 

V looGey ; 



(4.92) 



where \6^J = 1 is assumed for the evaluation of the boundary. While in Fig |4.5ll the same 
formula is used but the Yukawa coupling and heavy neutrino mass in (3.42) are assumed 
to be {Y^Y)32,33 = 1 and Mn = 10^^ GeV instead of the assumption in \6^^\. This is the 
assumtion used by A. Dedes, J. Elhs and M. Raidal in their paper( PRL B549,159(2002)). 

Two figures indicate how the branching fraction are sensitive to the value of parameters 
in the model. All though the allowed region depend on the model parameters, future 
experiments with 5000-50, 000/fb can cover huge parameter space in the model. 




250 
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Figure 4.50: Physics reach in niA — tan/3 parameter space at lOOOfb"^ for the t~ -^ ^~r] 
decay, together with the regions excluded by direct searches at LEP and in Tevatron experiments 
[551l338j . Here, niA is the pseudo-scalar Higgs mass in the Higgs mediated model. The boundary 
is based on the formula Eq. (|4.92|) . 
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Figure 4.51: Physics reach in m^ — tan/5 parameter space at lOOOfb^^ for the r" -^ fi~r] 
decay, in the Higgs mediated model, the Yukawa couphng and heavy neutrino mass in (3.42) 
are assumed to be {Y^Y)32,33 = 1 and Mn = 10^^ GeV. 



• Figure I1.52I and 14.531 show a possible exclusion region in msusY — tan/3 parameter space 
for r~ -^ /i~7- The excluded regions are from Belle's current upper-bound (< 3.1 x 10~^) 
and from non-observation at 1000 fb~ . In Fig. 14.521 we use we use the approximate 
formula for Br{T~ — > fJ,~j) given as 



B{t- -^ fi'j) = 3.0 X 10 



-6 ^ /tan^ 
V 60 



^ (Msusy\-^ 
^ V ITeV J 



(4.93) 



The formula is obtained from (|3.32|) - (|3.35j) by taking that \S^^\ = 1 and |(5^^| = 1. 

While in Fig. 14.531 the same formula is used but the Yukawa coupling and heavy neutrino 
mass in (3.42) are assumed to be {Y^Y)32,33 = 1 and Mn = W^^ GeV. 

4.10.4 Summary 

Many mechanisms for LFV decays are possible and a wide range of the relevant parameter space 
is allowed at present. Accordingly, many different models have been proposed as discussed in 
Section 13.61 Some predict relatively large branching fractions while others give extremely 
small values. Systematic and extensive investigation of various r decay modes would provide 
a powerful means to select models, restrict their parameter space, and possibly discover new 
phenomena beyond the Standard Model. SuperKEKB is the facility best suited to carry out 
this frontier research. 
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and at 1000 fb^^ luminosity for r^ -^ ^7- The branching fraction is obtained by taking 
|5« I = \6^^\ = 1 in ^M-mM- 
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Figure 4.53: Physics reach in msusY — tan/5 parameter space from Belle's current upper-bound 
and at 1000 fb~^ luminosity for r~ -^ ^7- The branching fraction is obtained by taking 
{Y^Y)32,33 = 1 and Mn = 10^^ GeV in (3.42). 
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4.11 Diversity of physics at Super-KEKB— other possibiUties 

4.11.1 Charm physics 

At a B factory, a large number of charm mesons are produced from the qq continuum and also 
from decay products of B mesons. For example, with 11.1 fb~ reconstructs 10^ D^ (-D''), 8 x 10^ 
D and 6 x 10^ D^ mesons in low multiplicity decay modes. We can expect data samples a 
hundred times larger with a luminosity of 10^^ cm~^s~^. 

Due to the effectiveness of the GIM mechanism, flavor-changing neutral current (FCNC) 
decays, D^ — D^ mixing and CP violation are small in the charm sector. This is in sharp 
contrast with K and B FCNC processes, which are enhanced by the presence of top quarks 
in loops. In many cases, extensions of the Standard Model (SM) upset this suppression and 
give contributions sometimes orders of magnitude larger than the SM. As a result, rare charm 
processes are an excellent place to look for new physics. 

The strength of D^ — D^ mixing is characterized by two parameters x = AM/T and y = 
Ar/2r. According to the conventional expectation of the SM, x,y < 10^'^. However, in a 
recent treatment by Falk et ai, the possibility of y (and perhaps x) ^ 10^^ within the SM is 
raised |339j . The current experimental limits are at the level of a few times 10~^. 

Experimental searches for D^ — D^ mixing usually involve hadronic decay modes such as 
D^ -^ K~^iT~ . For such modes, there are contributions from both mixing and doubly Cabibbo 
suppressed decays (DCSD), which can be distinguished by their time dependences. In the CP 
conserving limit, the rate for wrong sign decays is 

rws{t) = [Rd + VR^y't + l/4(x'2 + y'^)t']e-\ 

where Rd is the DCSD rate, and y' = y cos 5 — x sin 6 and x' = x cos 6 + y sin 5 are the mixing 
parameters y and x rotated by 5, the relative strong phase between D^ — > K~^tt~ and D^ -^ 
K^TT~. In the absence of interference, mixing has a i^e~* dependence which peaks at 2 D^ 
lifetimes, whereas DCSD follows the usual e^* dependence. The interference term is proportional 
to ie~* and dominates the sensitivity to mixing, since (x'^ + y'^) = {x"^ + 2/^) ^ Rd- Since the 
measurement of y' and x' requires that these three terms be distinguished from each other, 
decay-time resolution is crucial: improved vertexing at the Belle upgrade, together with the 
very large D^ samples available at 10^^ cm~^s~^, will lead to an improvement in sensitivity over 
previous experiments |34nj and the existing i?-factories. 

Interpretation of D^ — > K^Tr~ and other hadronic-decay mixing analyses is complicated by 
the strong phase difference 5, which may be large J341II342J : it is important to obtain constraints 
on this quantity. At a tau-charm facility, 5 can be determined by using quantum correlations 
with two fully reconstructed D decays |343| . At a high luminosity B factory, 6 can be determined 
by measuring related DCSD modes, including modes with Kl mesons |344| . 

If CP is violated in the D system, then additional D^ — D^ mixing signals may be seen. CP 
violation in the interference of D^ decays with and without D^ — D^ mixing is parameterized 
by the phase (pn = Siicg{q/p): the SM expectation is 0(10^'^ — 10^^), whereas in new physics 
scenarios it can be 0(1). This is in contrast with direct CP violation, which occurs in Cabibbo 
suppressed decays such as D ^ pn at the 10~^ level in the SM: new physics scenarios are unlikely 
to change this expectation. 

A time dependent asymmetry 

r(Z?°(t) - DO{t)) oc X sin ^DFte"^* (4.94) 

may be measured by comparing D^ -^ K^n^ and D^ -^ K^tt'^ decays j345j . and would (unlike 
CP-conserving mixing) be a clear signal of new physics. The corresponding asymmetry between 
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D^ and D^ decay rates to K^K^, where the D^ flavor is tagged by the pion from D*^ -^ D^n^, 
ahows an especially clean measurement since the final state is identical in both cases, and is only 
singly Cabibbo suppressed. The analysis of this mode is similar to that used for time dependent 
CP violation in B decays. 

There are several classes of rare D decays where the large data samples available at high 
luminosity will allow improved measurements. Two body decay modes such as D^ — > 77, fJ,~^fJ-~ 
and /U^e^ are strongly suppressed in the Standard Model: expectations are 10^^ for D^ -^ 77, 
10~^^ for D^ — > /i "*"//" and for D^ -^ fie. In new physics scenarios, the rates can be orders 
of magnitude larger |346j . For example, in both R-parity violating and leptoquark models, the 
branching fraction for D^ -^ /^^^~ can be as large as 3 x 10~^ while that for D^ — > fi e^ could 
be 5 X 10^"^. The current experimental bounds for D^ — > jjl'^ fi^ and D^ -^ jjL^e^ are 3.3 x 10^^ 
and 8.1 X 10~^, respectively. For 3-body final states such as pl'^l~ , where SM expectations 
are similar, orders of magnitude enhancements are expected at low £+^~ invariant masses in 
some new physics models. In the case of radiative decays such as D^ -^ K*^, pj, which are 
long-distance dominated, measurement at SuperKEKB could constrain long-distance effects in 
the corresponding modes in the B sector. 

By the time SuperKEKB begins taking data, the tau-charm facility at Cornell will also 
be operating. Although the design luminosity is relatively low (5 x lO^^cm^s"^), correlated 
D meson pairs are produced at threshold from the ip" resonance. For measurements where 
kinematic constraints from production at threshold are essential, such as Jd and D absolute 
branching fractions, the Cornell facility will remain competitive; and a sensitivity to D^ — D^ 
mixing at the 10~^ level is claimed 343.. SuperKEKB will have the advantage of precision 
vertexing for measurement of time-dependent decay distributions — especially important if CP 
violation is associated with mixing — and very large D meson samples. Other facilities in the 
world such as ATLAS/CMS/CDF/DO cannot do charm physics. LHCb and BTeV may record 
large charm data samples if they modify their trigger configurations, which are optimized for B 
physics. However, these experiments cannot efficiently reconstruct final states with neutrals or 
Kl mesons. 

4.11.2 Electroweak physics 

The standard-electroweak model has two fundamental parameters, which are directly related to 
measurable quantities: the parameter p = M^/(M| sin^ 0iy)i which is unity in the Standard 
Model, and the Weinberg angle Qw^ which determines the relative contributions of electromag- 
netic and weak forces. Both parameters have been measured at the e"'"e~ colliders PETRA and 
TRISTAN before the high precision measurements at the Z-pole became available from LEP. 

Recently a growing interest is being observed to revisit this type of physics and repeat 
sin^B^y and p measurements with high precision. There are two aspects to this renewed interest 
in a precision determination of the fundamental electro-weak parameters. One is related to 
a measurement of the NuTeV collaboration at Fermilab j347j . who observed values of p and 
sin^OvK , which are not in agreement with the Standard Model. The second motivation is that 
the scale dependence of gauge couplings has been observed for the strong coupling constant 
as and the electromagnetic coupling a, however, not yet for the coupling constant of the weak 
isospin group SU(2). 

The quantity sin^O^y is related to the coupling parameters of two gauge groups, U(l) for the 
electromagnetic part and SU(2) for the weak isospin part of the standard electro weak model. 
Both couplings have a different scale dependence resulting in a scale dependence of a more 
complicated nature for sin^Qw |348j as shown in Figure 14.541 To test the scale dependence. 
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Figure 4.54: Scale dependence of sin^G^y . The full symbols show the current situation, while 
the open symbols with error bars for the proposed experiments QWEAK, SLAC E-158 and Belle 
are placed at the correct cm energy with arbitrarily chosen vertical positions. The previous mea- 
surements are determinations from atomic parity violation (AVP) |349j . deep inelastic neutrino 
scattering (NuTeV), and from Z-pole asymmetries (LEP/SLC). 

data below the Z-pole with an accuracy of a few 10"^ will serve the purpose. 

Two experiments are being proposed to measure sin^Bvy at center of mass energies below 
1 GeV, QWEAK at the Jefferson Lab in Virginia and one at SLAC, E-158. The QWEAK 
experiment will deduce sin^Qw from elastic scattering of polarised electrons off protons, while 
the SLAC experiment measures M0ller scattering of polarised electrons. 

The NuTeV Detector at Fermilab consists of an 18 m long, 690 ton active steel-scintillator 
target with drift chambers as tracking devices followed by an iron-toroid spectrometer. High 
purity v^ and T^ beams resulting from interactions of 800 GeV protons in a BeO target can be 
directed onto the detector. 

In principle sin^Q^y can be derived from a measurement of the ratio between neutral current 
(NC) and charged current interactions (CC) in a nuclear target for just one neutrino species. 
This approach is, however, subject to large QCD corrections. The corrections can be minimized 
by a determination of the ratio R~ with 



R- 



a{u^N -^ u^X) 



a{l7j:N 



^X) 



(j{v^N -^ fi'X) - a{l7^N -^ ^x+X) ' 



(4.95) 



NuTeV obtains with this method sin^ Ow = 0.2277 ± 0.0013 ± 0.0009, a value which is So- 
above the value expected for the standard electroweak model. Prom a two parameter fit to p 
and sin^BvK they conclude that one of the quantities, but not both of them can be made to 
agree with the Standard Model value. Their result is sensitive to new physics in the W and Z 
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sector and suggests a smaller left-handed NC coupling to light quarks than expected. But this 
result also depends on hadronic corrections and nuclear structure functions, which is the main 
criticism with respect to an interpretation in terms of deviations from the Standard Model. 

In the electro-weak process e~^e~ — > fJ.'^n~ the values for sin-^Gvi/ and p are derived from a 
fit to the angular distribution {&*) of fj, pairs with respect to the axis of the incoming positron 
in the e+e" center of mass system j35Uj . 



^ = ^(Ci(l + cos2e*) + C2Cose*) (4.96) 

ail 4s 



with the following definitions: 



Ci = l + 2vev^x + {vl + al){vl + al)x^ (4.97) 



,2 



C2 = -AaeUf^X + SVettettf^X , (4.98) 

Ve,n = -l + ^sin^Qw, ae,^ = -l. (4.99) 

The quantity x may be written in two different ways, as a function of sin^G^ or as a function 

of p 

Is 

^ ~ 16sin2 Ow cos2 Qw (s - M^) ^ '^^^' 

or 

X= ^ 7 772T 4.101 

where s is the square of the center of mass energy. 

For the purpose of estimating statistical errors and significance levels it is sufficient to con- 
sider the forward-backward charge asymmetry integrated over all angles Aps = (3C2)/(8Ci) = 
1.5x, while in an actual experiment, one would fit the angular distribution. 

A guideline for estimating the significance of a measurement at ^/s = 10 GeV would be the 
capability of distinguishing the value of sin^Qw at the Z-pole from a value it would assume if 
it were running according to the predictions of the Standard Model. With the Z-pole value of 
sin^O^y = 0.232 the forward-backward asymmetry assumes a value of Apsi^/s = 10 GeV) = 
6.34 X 10~^. For sin^&w running according to the Standard Model, the asymmetry is Afb{V^ = 
10 GeV) = 6.38 x 10"'^. The charge asymmetries for a running and a fixed coupling constant 
thus differ by 6{Afb) = 4 x 10^^ 

At 10 GeV center of mass energy, the statistical error on sin^G^ is 30 times larger than 
the error on the forward-backward asymmetry: a{sm'^ @w) = 30 alAps)- With a statistical 
error of a^Aps) = ±1 x 10~^ on the charge asymmetry the corresponding error on sin^Qw is 
o-(sin2 ew) = 3 X 10-"^. 

The number of events required to achieve this accuracy is certainly smaller than lO^'' events, 
because when fitting an angular distribution much more efficient use is being made of the exper- 
imental data and, thus for an accumulated luminosity of 1 ab^^ with 10^ events a statistically 
significant measurement can be made, which is compatible with that of the two dedicated ex- 
periments as may be inferred from Figure 11.541 

The ;U-pairs from the decay of the T(45') will have a different asymmetry from those of the 
continuum, as with T as an intermediate state the Z-boson couples to 6-quarks and the relative 
weight between 7 and Z-exchange is altered with respect to the continuum. The branching 
fraction of BR{T{4:S) -^ p'^p~) = 3 x 10~^ is, however, so small that corrections to the angular 
dependence will become less important and they can be calculated with sufficient accuracy, as 
all couplings and weak charges are known. The experiment is thus a continuum experiment. 

140 



Radiative corrections are small and can be calculated with sufficient accuracy. Also bin to 
bin migrations are expected to be small. A potential source of systematic errors are radiative 
returns of the T{1S) resonance. These events can be removed by a mass cut on the invariant 
two lepton mass. 

The angular distribution of electron pairs is known with high accuracy and therefore electron 
pairs can be used to check the charge symmetry of the detector and other systematic errors like 
those, which may be related to the fact that the muon momenta in the forward and backward 
hemispheres are different due to the asymmetric energies of the colliding electron and positron 
beams. 

Muon identification need not be very restrictive, because there are only very few reactions, 
which could fake muon pairs, if collinearity of the two tracks is requested. Tau pairs will be 
rejected by collinearity cuts and invariant mass cuts, the cross section for pion pairs is too small 
to present a serious background and electron pairs are easily identified by their unique signature 
in the Csl crystals. As a first guess, a loosely identified muon track would be sufficient for 
one track, while the second collinear particle need not be identified as a muon, it should be 
compatible with a muon and incompatible with an electron. 

The presence of SU(2) breaking forces could result in a different phenomenological pattern 
for reactions, where quarks are present or only leptons are involved. Leptoquarks as an exam- 
ple could alter the result of a sin^Bvi/' measurement in neutrino-nucleon scattering without a 
measurable impact on the charge asymmetry of muon pairs in e^e~ annihilation. Therefore one 
could imagine to face a situation, where purely leptonic experiments do agree with the Standard 
Model, while reactions involving nucleons don't. In this case one could extend the program at 
SuperKEKB to a determination of the charge asymmetry of jets. This is a very ambitious mea- 
surement, which needs extensive Monte Carlo studies beforehand to investigate the feasibility 
of such an experiment. 

In summary, SuperKEKB will be capable of performing a statistically significant measure- 
ment of the Weinberg angle sin^Q^y in order to prove the running of the U(1)/SU(2) couplings 
of the standard electroweak model and set limits on new weak isospin breaking interactions. In 
order to achieve this, data corresponding to about 1 ab~^ are needed. 

4.11.3 Charmonium physics 

In the history of physics, many new and important insights have derived from detailed studies of 
"well understood" systems: precise measurements of the motion of planets in the solar system 
led to the discovery of an anomalous precession of the perihelion of Mercury's orbit, which 
provided an important impetus for General relativity; high resolution measurements of atomic 
spectra were the key to the discovery of fermion spin. 

In hadronic physics, the most "well understood" systems are the quarkonium mesons, i.e, cc 
or bb mesons. Here, because the quarks are massive, they are nearly non-relativistic and ordinary 
quantum mechanics is applicable. Moreover, lattice calculations are particularly well suited to 
heavy quark systems. As these improve we can expect reliable first-principle calculations of 
quarkonium properties with good precision. 

In B meson decays, the b -^ ccs subprocess is CKM-favored and, thus, final states containing 
charmonium particles are common. A super-S factory would provide superb opportunities for 
precision, high sensitivity measurements of the charmonium system. 

Even right at the T(4S') peak, the cross-section for the continuum production of cc quark 
pairs is higher than that for bb pairs. Thus, a "super-S" factory is also a "super-charm" factory 
that will support a variety of interesting studies of charmed particle and charmonium physics. 
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Figure 4.55: The KsKir invariant mass distribution for B -^ K KsKtt decays. The large 
peak near 2980 MeV is the tJc, the smaher peak near 3650 MeV is attributed to the r]'^. 



New results on charmonium from Belle/KEKB 

There are stiU a few undiscovered charmonium states that are predicted to have masses below 
the relevant threshold for open charm production and are, thus, expected to be narrow. These 
include the n = 1 singlet P state, the he, and possibly the n = 1 singlet and triplet spin-2 D 
states, i.e. the l^Dc2 and l^Dc2. The discovery of these states and the measurements of their 
properties are important for a number of reasons. First of all, measurements of the masses of 
these states will pin down unknown parameters of the charmonium model, such as the strength 
of the fine and hyperfine terms in the inter-quark potential. Second, the properties of these 
states are highly constrained by theory. Measured variances from theoretical predictions could 
indicate new and unexpected phenomena. In Belle, modest efforts of studying charmonium 
production in B decays and continuum e^e~ processes have produced interesting examples of 
both of these cases. 



Discovery of r]'^: In 2002, with a 42 fb^^ data sample. Belle discovered the r/^ via its KsKir 
decay mode in exclusive B~ — > K~KsKtt decays |351j (see Figure Ii35|) . This observation 
was subsequently confirmed by other Belle measurements |3521I353] as well as BaBar |354j 
and CLEO 355 . Although nobody ever doubted the existence of the rj'^, it had evaded de- 
tection for nearly thirty years. A "candidate" r/^, reported by the Crystal Ball in 1982 |356j . 
indicated an -0' — rj'^ mass splitting (92 it 7 MeV) that is above the range of theoretical 
expectations (43 ~ 75 MeV) J357LI358J . The Belle measurement of the rj'^ mass indicates 
that mass splitting (32 it 10 MeV) is, in fact, at the lower end of the theoretically pre- 
ferred range and has helped pin down the strength of the hyperfine splitting terms in the 
charmonium potential. 

Discovery of X(3872): In 2003, with a nearly four-times larger data sample. Belle discov- 
ered a narrow charmonium-like ii^Ti~J/ip state with a mass of 3872 MeV in exclusive 
B -^ KinrJ/ip decays j359j (see Figure E.5f)j) . This state, called the X(3872), was origi- 
nally considered to be the ^Dc2, however a closer examination of its properties indicated 
problems with this interpretation: the 3872 MeV mass is substantially above model ex- 
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Figure 4.56: Distribution of Af (vr+vr i^i ) — M{i~^i ) for selected events in the AE-M]^^ signal 
region for (a) Belle data and (b) generic b MC events. 

pectations of ~ 3815 MeV; the decay rate to 7Xci is too small; the shape of the M(7r7r) 
distribution is too peaked at high tttt masses; and the inferred exclusive branching ratio 
for B — > K(^Dc2) is too large. As a result, a number of theorists have speculated that 
this particle may not be a cc charmonium state, but, instead, a new type of four-quark 
meson J36fl|l36l|l362j . Either the standard charmonium model has to be modified, or the 
X(3872) is a first example of an altogether new type of particle. More data will help sort 
this out. 

Discovery of the large rate for the continuum process e~^e~ — > cccc: A major problem 
for QCD are calculations of the production of physical hadrons. This is because the 
long-range, low-g^ processes that are involved, can not be dealt with perturbatively. Char- 
monium is an exception. Since charmonium is formed at relatively short distances, per- 
turbation theory should be applicable. An elegant effective theory called Non-relativistic 
QCD (NRQCD) has been developed to deal with various aspects of charmonium pro- 
duction |363U364] . In Belle, studies of J/V' production in continuum e~^e~ annihilation 
processes were started as a way to test the predictions of NRQCD. This led to the remark- 
able, and totally unexpected discovery that continuum-produced J/tps are almost always 
accompanied by another cc system; As can be seen in Figure 14.571 the recoil system ap- 
pears to be totally saturated by either other charmonium states such as r]c, XcO or rj'^, or by 
pairs of charmed particles J3521I353] . There is no evidence in the spectrum for low recoil 
masses that NRQCD predicts should dominate; the measured cross-sections for exclusive 
and inclusive e~^e~ — > cccc processes are an order-of-magnitude larger than NRQCD pre- 
dictions. Theorists have not been able to modify the model to accommodate the Belle 
experimental results. NRQCD specialist Bodwin has said that explaining these results 
"either requires the invention of charmonium production mechanisms within the Standard 
Model that have not yet been recognized, or physics beyond the Standard Model" |365j . 
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Figure 4.57: Distribution of recoil masses from inclusive (a) J/ip and (b) ip{2S) mesons pro- 
duced in continuum e^e~ annihilation processes near ^/s = 10.6 GeV. The three peaks in the 
J/ip recoil mass spectrum are the r]c, the XcO and the r]'^. There is no evidence for events with 
recoil masses below the ijc, there the observed level of events is consistent with background. 



Strategies for a Super-B factory 

These examples demonstrate that when data samples containing a significantly larger number 
of B mesons becomes available, we can reasonably expect that, as a bonus, charmonium stud- 
ies might produce important new discoveries. As the X(3872) and continuum e^e~ — > cccc 
discoveries demonstrate, these could provide new insights into hadronic physics. 

The e~^e~ environment is well suited for these investigations. The X(3872) — > tt^'k~ J/ip 
has an especially distinct signature that makes it observable at hadron colliders |,S66j . However, 
understanding the nature of the particle requires sensitivity to other, less distinct modes such 
as 7Xci7 and also ir^TT^J/ip, 7r^7r~7r°J/^ and D^D'^tt^ |,S67|l,S6Sj : these are only accessible in the 
e"*"e~ environment. Likewise, the recoil-mass technique that was used to discover e~^e~ — > cccc 
is also only possible in the e^e~ environment. 

Search for the he'. The he has proven to be the most elusive of the low-lying charmonium 
states. A signal for an he candidate in E760 at Fermilab j369j was not reproduced in the 
subsequent experiment E835 |37Uj . The he is expected to decay predominantly into final 
states that include an rjc', these are experimentally not very distinct. Searches in B meson 
decays are also hampered by the fact that the exclusive decay process B -^ Khc, which 
violates factorization, is expected to be small. Using a technique based on a suggestion by 
Suzuki |371j . Belle is looking for the he via the B — > Khe'. he -^ 7??c decay chain. Here 
the hope is that the large expected decay branching ratio for he ^ 'jrj — c (^ 60%) might 
compensate for the small, factorization-suppressed rate for B -^ Khe. 

So far, no signal is seen, but the branching ratio limit (of ~ 1 x 10~^) is not very restrictive. 
This is because of the low efficiency for reconstructing the r]e in low-background channels. 
Future searches at higher luminosity will improve this limit, but only by a factor that goes 
as the square-root of the increase in luminosity. 

The process process e~^e~ — > r]ehe is allowed by C-parity conservation. Thus, another 
approach for he searches would be to use experimentally distinct r]e decay final states, 
such as pp and AK modes, to study states recoiling against continuum ijeS in e^e~ — > cccc 
processes. Since the useful rje modes have branching fractions (~ 10^^) that are ~ 10^^ 
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smaller than those for the J /if: this method will require a large data sample. If we assume 
that the a{e'^e~ -^ rjchc) ^ a{e~^e~ — > J/tpXco)i about 10 ab~^ of data would be needed 
to uncover the he by this method. 

Search for the ^Dc2'- Since it looks more-and-more unlikely that the X(3872) is the ^Dc2-, the 
discovery of the ^Dc2 remains an open experimental question. Since the exclusive decay 
B — > K^Dc2 is expected to by strongly suppressed by factorization, here also searches in 
exclusive decays are not promising. Since the 7Xci and ■K~^TT~J/tp modes are expected to be 
strong and are experimentally distinct, inclusive searches are feasible. (Belle has reported 
a strong signal for the inclusive process B -^ Xc2^ |.S72j . even though no evidence has 
been seen for it in exclusive two-body decays.) 

Summary 

A super-i? factory will provide opportunities for unprecedented studies of the properties of 
charmonium systems and to search for the missing charmonium states. These measurements 
will provide stringent tests of hadronic models where they are supposed to be most reliable. 

Taking history as our guide, we are confident that new and surprising discoveries will be 
made. 

4.11.4 Physics potential at T{5S) 

The physics potential of the Super KEKB collider can be extended significantly by running at the 
energy of the T(10860) resonance, usually denoted as the T(5S). The advantage is that at this 
center-of-mass energy it is possible to produce pairs of B^/B^ mesons, which are kinematically 
forbidden when running at the T(4S') resonance. This would provide an opportunity to study B^ 
decays in a relatively low background environment as compared to that at a hadron collider. In 
order to operate the KEKB accelerator in the T(5S) mass range, the electron and positron beam 
energies would need to be increased by 2.7% relative to their energies at the T(4S) resonance; 
this increase would result in the same Lorentz boost factor of /37 = 0.425. 

The production ratio of B^ mesons at the T(5S) resonance to B^ mesons at the T(4S) 
resonance is conservatively estimated to be 1/10 |373l374p375j . Thus for an integrated luminosity 
of 1 ab~^, which is equivalent to about 10^ T(4S)^ BB decays, a total of 10® B^ decays would 
be recorded. A reconstruction efficiency of 10% would therefore allow one to measure branching 
fractions down to the level of 10~^. 

The T(5S) can decay to BB, BB*, B*B*, B^Bs, BsB* or B*B* final states. The excited 
B mesons decay to ground states via B* — > B^ and B* — > Bg^ radiative decays. A detailed 
Monte Carlo simulation shows that, using the full reconstruction technique, B^ signals for these 
states are well- identified using the variables E^ — Ebeam and P^, where E"^ and P^ are the 
reconstructed energy and momentum of the B^ candidate in the e~^e~ center-of-mass frame, and 
Ebeam IS the beam energy in this frame. The number of low energy photons from B* -^ Bgj 
decays can also be determined, providing a measurement of the total numbers of BgB* and B*B* 
final states produced. Knowing this total yield would allow one to measure absolute (rather than 
relative) branching fractions, which are very difficult to measure at a hadron machine. 

Many Bg decay modes can be observed and studied at an e^e~ Super B Factory. The strange 
"partners" of topical B^ decays can be reconstructed, such as Cabibbo-favored Bs — > DJti^ 
and Bg -^ D~D'^ decays, color-suppressed Bg — > DK and Bg -^ J/^cj) decays, Cabibbo- 
suppressed Bg — > DjK^ and Bg —>■ J/'^K^ decays, the electroweak penguin decay Bg — > 
(/)7, and the & to n transition Bg -^ Kir. Final states containing vr'^'s, which are difficult 
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Decay 


Branching 
fraction 


Efficiency 


Super B 
(4ab-^) 


LHCB 

(per year) 


BTeV 

(per year) 




5 • 10-3 
1 • 10-3 
5 • 10-2 


2 • 10-2 

1.5 • 10-2 

5 • 10-4 


40000 
6000 
10000 


80000 
120000 


120000 
~ 90000 



Table 4.22: The number of fully-reconstructed Bg mesons expected from T(5S) decays with 
Lint = 4 ab"^, and by the LHCB and BTeV hadron colhder experiments per year of running. 



to separate from background in a hadron colhder environment, would be well-identified at an 
e^e~ machine. In addition, T(5S) decays are well-suited for studying large multiplicity B^ 
decays due to the lower particle momenta, the ~ 100% trigger efficiency, and the excellent n/K 
discrimination. Inclusive Bg branching fractions can also be measured, in particular the inclusive 
leptonic branching fraction. Such inclusive measurements are easier to compare with theoretical 
predictions. Partial-reconstruction techniques can also be used, for example, to measure the 
exclusive decay Bg — > Dfl~i'. The numbers of B^ decays reconstructed in several topical decay 
modes are listed in Table H^^^ along with the corresponding numbers of events (when available) 
for the LHCB |23|L-{76j and BTeV \M7\ hadron collider experiments. The event yields listed 
correspond to one year of running; the corresponding luminosity at the Super B Factory would 
be 4 ab-^ 

An important measurement in Bg physics is that of the lifetime or decay width difference AF 
between the two mass eigenstates of the Bg-Bg system |378p379p380j . The ratio of the difference 
to the mean value is theoretically predicted to be AF/F ps 15%, where AF = Tught — ^heavy 
[SHIlinH3IHHSlEHillSHS[EHniinHZllMl- Such a difference could be measured at an asymmetric 
e+e" collider. Assuming CP conservation, the mass eigenstates are CP eigenstates, and one 
could compare the lifetime distributions of a Bg/Bg decaying to CP-even and CP-odd final 

^liaht between the decay 



heavy light 



states. In practice, one would plot the time difference At = i 
vertices for T(55) — > BgBg decays, in which one Bg decays to a CP-even final state and the 
other decays to a CP-odd final state. This distribution is proportional to e heavy > for At > 
and e ^ "s'" ' for At < 0; thus, fitting to this distribution yields both F^^ and F^^ , ^. For 
T(5S') -^ BgBg decays, both B^ mesons decay to CP-even or CP-odd final states (i.e., no 
mixture of CP-even and CP-odd), so the At distribution is symmetrical and would yield an 
independent measurement of F^^^^ or F^^ ,^. Some CP-definite final states with measurable 

branching fractions are Dg Dg , K~^K~ , and (jxp. Using the above methods, it is estimated 
that an accuracy for AF/F of ~ 2% would be obtained with an integrated luminosity of 4 ab"^. 

If these At distributions show deviations from pure exponential behavior, that would indicate 
CP violation. In particular, if the mass eigenstates were not CP eigenstates, then the At 
distribution (i.e., for At > or At < 0) would be the sum of two exponentials. Thus, looking 
for a deviation from a single exponential allows one to search for CP violation in the B^- 
Bg system. Some theoretical models predict a very large Bg-Bg mass difference Atti^ (i.e., 
A?7ig > 100 ps"^); in this case it would be very difficult to observe Bg-Bg mixing at a hadron 
collider, and consequently, CP violation due to interference between mixed and unmixed decay 
amplitudes. Thus, an e^e" machine (and the quantum correlations inherent in production via 
the T(5S')) may provide the best opportunity to observe CP-violation in this system. 

The time- integrated CP asymmetry A = {N-^ ^ — N^ _^-)/[N-^ ^f + ^b ^f) would allow 
one to measure direct CP violation in Bg decays. A good candidate for this measurement is 
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Bs -^ K^ir^: assuming a branching fraction of 10^^ and an asymmetry of —6% ||-{89j . one would 
observe a 3a effect with 4 ab~^ of data. The penguin diagram causing the direct CP-violation 
is very sensitive to nonstandard contributions (some of which can give asymmetries much larger 
than 6%), and measuring a direct CP asymmetry could probe physics beyond the Standard 
Model. 
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Observable Belle 2003 SupcrKEKB LHCb 

(0.14ab-i) (5 ab-i) (50 ab^i) (0.002ab-i) 

0.2 P^ 

X 
X 
X 

0.058 

X 
X 
X 



4cr (3 years) ^U^ 





0.51 

+0.32 
-0.26 

0.27 




NA 
NA 


sin2x(S, ^ J/V^0) 


X 


B[B ^ X,7) 


NA 
26% (5.8 fb-i) 


Acp{B^X,-f) 

Cg from ApBiB -^ K*(+i-) 


0.064 

NA 


Cio from Afb(S -^ K*i+(.-) 


NA 


B{Bs ^ ^i+^i-) 


X 



0.079 


0.031 


0.056 


0.026 


0.049 


0.024 


0.14 


0.04 


0.10 


0.03 


X 


X 


0.14 


0.04 


5% 


5% 


0.011 


5x10^3 


32% 


10% 


44% 


14% 



B{B+- 


-^ K+vv) 


NA 




5.1cr 


X 


B{B+ - 


-^ Dtv) 


NA 


12.7CT 


40.3(7 


X 


BiB°- 


-> Dry) 


NA 


3.5cr 


ll.Ocr 


X 



sin2</)i 0.06 0.019 0.014 0.022 

(/)2 (tttt isospin) NA 3.9° 1.2° x 

02 (ptt) NA 2.9° 0.9° x 
(/)3 (DK^*^) 20° 4° 1.2° 8° 

03 (Bs ^ KK) XXX 5° 
03 {B, -^ DsK) XXX 14° 
IKbl (inclusive) 16% 5.8% 4.4% x 



B{t- 


-* M7) 


< 3.1 X 10-^ 


< 1.8 X 10^^ 


B{t- 


-^ Ke)v) 


< 3.4(6.9) X 10-^ 


< 5 X 10-9 


B{r- 


-^iU) 


< 1.4-3.1x10-^ 


< 5 X 10-9 



Table 4.23: Summary of sensitivity studies. Values for LHCb are taken from [39 Ij unless other- 
wise stated. 

4.12 Summary 

Table 14.231 summarizes the sensitivities for some of key observables described in the previous 
sections. As a comparison, we also list expected sensitivities at LHCb whenever available. It is 
seen that most of key observables are accessible only at the e~^e~ B factories. The advantage 
of the clean environment at SuperKEKB is thus clear. Note that the B physics program at 
hadron colliders has its own unique measurements that are not accessible at e'^e~ B factories. 
Examples include rare Bg decays such as Bg — > /i"'";U~. Thus B physics programs at hadron 
colliders also help scrutinize the rich phenomenologies of B meson decays. 
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Chapter 5 

Study of New Physics Scenarios at 
SuperKEKB 

5.1 New physics case study 

As discussed in the previous sections, there are a number of processes in which one may find 
observable effects of physics beyond the Standard Model (BSM). In particular, processes induced 
by loop diagrams can be sensitive to new particles at the TeV energy scale, as the Standard Model 
contribution is relatively suppressed. Such processes include 5^^o, A'^p{b — > 57), A^p{b — > 57), 
Br(b — > si^i~), Apsib — >■ si^i~), and Br(T — > fi'j). In this section we consider some specific 
new physics models in the context of supersymmetry (SUSY) and investigate how their effects 
could be seen in these processes. 

The hierarchy problem of the Higgs mass suggests that the physics beyond the Standard 
Model most likely exists at the TeV energy scale, and hence the LHC has a good chance of 
discovering some new particles. However, the flavor structure of the BSM will still remain to be 
investigated, as hadron collider experiments are largely insensitive to flavor-violating processes. 
In SUSY models, for example, flavor physics is the key to investigating the mechanism of SUSY 
breaking, which is expected to lie at a higher energy scale. 

As discussed in Section 13. 3( even in the minimal supersymmetric extension of the SM 
(MSSM), most of the parameter space is already excluded by the present FCNC constraints, 
and hence one has to consider some structure in the soft SUSY breaking terms such that the 
FCNC processes are naturally suppressed. In this study we consider the following three models 
according to refs. |1731I174J . 

• Minimal supergravity model (m,SUGRA) 

In this model one assumes that supersymmetry is broken in some invisible (hidden) sector 
and its effect is mediated to the visible (observable) world only through the gravitational 
interaction. Since gravity is insensitive to flavor, the induced soft breaking terms are flavor 
blind at the scale where they are generated. Namely, all sfermions have degenerate mass 
?tt,q; trilinear couplings of scalars are proportional to Yukawa couplings; all gauginos are 
degenerate with mass M1/2. Even though the soft breaking terms are flavor blind, they 
could induce flavor violation as they evolve from the SUSY breaking scale (assumed here 
to be Mx — 2 X 10^^ GeV for simplicity) to the electroweak scale by the renormalization 
group equations, since the Yukawa couplings are flavor dependent. In general, FCNC 
effects are small for this model. 
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• SU{5) SUSY GUT with right-handed neutrinos 

Grand Unification (GUT) is one of the motivations to consider super symmetric models, as 
they naturally lead to the unification of the gauge couplings. In GUT models quarks and 
leptons belong to the same multiplet at the GUT scale. Therefore the flavor mixings of the 
quark and lepton sectors are related to each other. In particular, large neutrino mixing can 
induce large squark mixing for right-handed down-type squarks 244 393 J17UII171II172II175J . 
In this class of models we consider two cases where the masses of the right-handed neutrinos 
are degenerate or non-degenerate. Because of the large neutrino mixing, the bulk of the 
parameter space is excluded in the degenerate case due to the B{fi — > 67) constraint, and 
as a result the effect on other FCNC processes is limited. On the other hand, for the 
non-degenerate case one can expect larger FCNC effects. 

• ^(2) flavor symmetry 

The family structure of the quarks and leptons could be explained by some flavor symmetry 
among generations. Although U{3) is a natural candidate for such a symmetry, it is badly 
broken by the top quark Yukawa coupling. Therefore, here we consider a U{2) flavor 
symmetry among the first two generations in the context of SUSY. We assume some 
breaking structure of the U{2) symmetry for the Yukawa couplings, squark mass matrices, 
and the scalar trilinear couplings. 

These models still contain many parameters. We randomly choose a number of points 
from the multi-dimensional parameter space, while fixing the gluino mass at 600 GeV/c^ and 
tan/? = 30. Among these points, those that are already excluded from existing mass bounds 
and FCNC constraints, such as ex, ^ — > 57 branching fraction, and /x — > 67 branching ratio, are 
eliminated. The results for several quantities are then shown in the following scatter plots. 

First of all, the expectations from these models for two interesting FCNC processes 5j,^o and 
Sb^s'y are shown in Fig. 15.11 together with the expected sensitivity at SuperKEKB. Each dot in 
the plots shows a randomly chosen parameter point of the model. One can observe a significant 
deviation from the SM for the SU{5) SUSY GUT with a right-handed neutrino (non-degenerate 
case) while the mSUGRA model gives comparatively small deviations from the SM for these 
FCNC processes. We emphasize that these different models could have almost an identical mass 
spectrum of SUSY particles as shown on the bottom panels in the figure. This means that 
the flavor structure of BSM models is barely probed by measurements at high energy collider 
experiments. 

Correlations for other interesting FCNC processes are shown in Figs. [^?^5.5l for the above 
four SUSY models. Also shown in the figures are expected errors at 50 ab~^. With these 
additional correlations, we can further narrow down possible scenarios; for instance, large direct 
CP violation in 5 ^ 57 would imply that the U(2) model was favored. On the other hand, 
observation of r — > /X7 decays would strongly suggest the non-degenerate SU(5) model. Even if 
the deviation from the mSUGRA in Sj^j^o and Sb^s'j turns out to be too small to distinguish 
among different scenarios, there are many other possibilities that can be pursued at SuperKEKB. 

5.2 Model independent approaches 

At SuperKEKB, there are a number of processes from which we can measure the fundamental 
parameters of the Standard Model (SM), i.e. quark mixing angles and phases. In this section 
we discuss how these measurements at SuperKEKB may be used to gain insight into the fiavor 
structure of new physics without assuming some particular model. 
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Figure 5.1: 5^*0^ and ^^^^o for various parameters in (a) SUSY SU{5) with right-handed 
neutrinos (the non-degenerate case), and (c) mSUGRA. Circles with error bars indicate an 
expected result from a certain parameter set in the SU{5) SUSY GUT, where the errors are 
obtained at 5 ab^^. A present experimental bound at 2a {3a) level is also shown by the dashed 
(dot-dashed) vertical line. Associated small figures show examples of mass spectra of SUSY 
particles for (b) the SUSY SU{5) and (d) mSUGRA. 
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Figure 5.2: Correlations between key observables in the case of mSUGRA. Dots show the possible 
range in niSUGRA. The circles correspond to a certain parameter set of non-degenerate SUSY 
SU(5) GUT model with ur. Expected errors with an integrated luminosity of 50 ab~^ are shown 
by bars associated with the circles. 
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Figure 5.3: Correlations between key observables in the case of the non-degenerate SUSY SU(5) 
GUT model with i//j. Dots show the possible range in the model. The circles correspond to a 
certain parameter set in this model. Expected errors with an integrated luminosity of 50 ab~^ 
are shown by bars associated with the circles. 
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Figure 5.4: Correlations between key observables in the case of the degenerate SUSY SU(5) 
GUT model. Dots show the possible range in the model. The circles correspond to a certain 
parameter set of the non-degenerate SUSY SU(5) GUT model with vn. Expected errors with 
an integrated luminosity of 50 ab~^ are shown by bars associated with the circles. 
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Figure 5.5: Correlations between key observables in the case of the U(2) flavor symmetry model. 
Dots show the possible range in the model. The circles correspond to a certain parameter set 
of the non-degenerate SUSY SU(5) GUT model with i//j. Expected errors with an integrated 
luminosity of 50 ab~^ are shown by bars associated with the circles. 
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Fitting the CKM parameters using the available data is a common practice. One draws 
the constraints obtained from several measurements in the parameter space of (p, ?]), which are 
the least known parameters in the usual parametrization of the CKM matrix. If one found 
an inconsistency among the different input quantities, it would indicate the existence of a new 
physics effect for some quantities. We investigate how SuperKEKB can contribute to narrowing 
down the allowed region from each measurement. 

Once deviations from the SM are established, the next question is which quantities are af- 
fected by the new physics and how. To consider such questions, it is natural to assume that 
tree-level processes are not affected much by the new physics. If the Standard Model is a low 
energy effective theory of some more fundamental theory, the new physics effects will manifest 
themselves as non-renormalizable higher dimensional operators. In tree-level processes such op- 
erators are relatively suppressed, while in loop-induced FCNC processes the higher dimensional 
operators could compete with the loop effects of the Standard Model. 

Therefore, we may proceed in three steps. Firstly, we obtain a constraint on (p, fj) using 
only tree-level processes, i.e. \Vuh\ from the semileptonic decay b -^ uiu and 03 from the DK 
asymmetry. The result can be considered as the SM value of {p, fj) even in the presence of the 
new physics. Secondly, the allowed region for (p, ff) is compared with the determination through 
B^ — B^ mixing, i.e. Arrid and sin20i from B -^ J/ipKg. If we assume that the decay amplitude 
for B -^ J/ipK'^ is dominated by the tree-level contribution, this region of (p, r/) contains 
loop effects from AB = 2 processes. Finally, we consider a parametrization of new physics 
contributions to B^ — B^ mixing with the amplitude M12 expressed as M12 = Mfj +-^f2™! and 
obtain a constraint on Mfl^ 394,395,396 . Such a study of the CKM parameter fit is described 
in the next section. 

The separation of the Standard Model and new physics contributions can also be formulated 
for radiative and semileptonic B decays: h —> s^ and h —> s£~^i~. As discussed in Section mj 
in the language of the effective Hamiltonian the new physics contribution can be expressed in 
terms of Wilson coefficients. 

A similar strategy can be applied to hadronic decay amplitudes. For instance, the difference 
between the values of sin 2(/>i measured by J/ipKg and (p^s implies some new physics effect in 
the b — > sss penguin process. One can parametrize the b — > sss amplitude in terms of SM and 
new physics amplitudes. In this case, however, the calculation of the decay amplitudes from the 
fundamental theory is much more difficult and the utility of the parametrization is limited. 

5.3 The CKM fit 

We perform a global fit to the CKM parameters {p, ff) using the CKMfitter package [S^^. If no 
new physics effect exists, all the measurements should agree with each other in the (p, ff) plane 
and can be combined to obtain the constraint on them. On the other hand, the effect of new 
physics may cause discrepancies among these measurements. 

The strategy is to look for the new physics effects from only one source at a time, in order to 
quantitatively identify the new physics contribution. Assuming that the tree-level processes are 
insensitive to new physics effects, we determine the SM value of {p, ff) using \Vub\ from B -^ X^iv 
decays and (/)3 from B — > D^[-^ K^'k^'k~]K "^ . We then examine the b ^ d box diagram, i.e. 



^We use the CKMFitter package with the _R-fit option. The parameter values are the defauh values used in 
the package if not mentioned explicitly. 

■^There is a possible effect of new physics on the Dalitz distributions through D" — Z?" mixing or CP violation in 
D°. However, we can check and measure the effect from the data using soft-pion tagged D" decays {D*^ -^ D'^-k^) 
|897| . and verify whether its effect to the <j>3 measurement is small enough. 
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parameters 


central values 




errors 








0.5 ab-^ 


5 ab-i 


50 ab-^ 


sin 201 


0.753 


±4.4% 


±2.5% 


±1.9% 


03 (Dalitz) 


65° 


±23% 


±7.2% 


±2.3% 


\Vub\ 


3.79x10-3 


±6.9% ± 8% 


±3.7% ± 4.5% 


±3.2% ± 3% 


Arrid 


0.496 ps-i 


±0.8% 


±0.5% 


±0.4% 


fBaV-^Ba 


0.230 GeV 


±0.011 ±0.026 


±0.011 ±0.026 


±0.005 ±0.015 


4>2 


91° 


±9° 


±2.9° 


±0.9° 



Table 5.1: Summary of inputs to in the CKM-fit. If two errors are given, the second error 
is treated as flat in the fit [25 . Otherwise, errors are taken to be Gaussian. \Vcb\ is fixed at 
4.04 X 10~3 in the fit. Central values correspond to p = 0.176 and f) = 0.376. 



B^ — B^ oscillations, for which the available measurements are sin20i from B^ — > ccK^ and 

The input parameters used in the fit are listed in Table I^TTl where the errors are based on 
the sensitivity studies in the previous sections. The errors for Atti^ are extrapolated from the 
current measurements with an irreducible systematic error of 0.4% j398j . The current value of 
fsa ^/Bsd is fi'om a recent unquenched lattice calculation 215(ll)(l23)(15) MeV |127j . where 
the first error is statistical, the second is the uncertainty from the chiral extrapolation and the 
third is due to other systematic errors. In Table 15.11 the two systematic errors are combined 
and the error is symmetrized. To improve the accuracy of the lattice calculation, simulations at 
significantly smaller sea quark masses will be required. With the staggered fermion formulation 
for sea quarks this is possible, albeit with additional complications, by introducing more flavors 
(or tastes) of fictitious quarks |129j . Within several years it will also become possible to perform 
unquenched simulations using lattice fermions with an exact chiral symmetry, such as overlap 
or domain-wall fermions. The reduction of errors down to a level of several percent is feasible 
within the time scale of the construction of SuperKEKB. 

The constraint on (p, f)) using all these measurements for the SM case is shown in Figure EEl 
The plots are shown for (a) 500 fb~^, (b) 5 ab~^, and (c) 50 ab~^. Drastic improvements are 
expected with the statistical power of the SuperKEKB. The error in the determination of (p, rj) 
will be eventually reduced to a ±0.03 level with 50 ab^^. 

Among those input parameters the measurement of the angle 03 is not yet precise at present. 
Therefore, despite the good agreement of (p, 77) from different measurements, there is a possibility 
that 03 does not agree with the current world average obtained with the CKM fit. It means 
that the SM value of (p, ff) could still be significantly different from the current central values, 
if other loop-induced processes contain large new physics effects. To see what could be observed 
at SuperKEKB, here we show a plot assuming that the central value of the 03 measurement is 
120° instead of the current average 65° (Figure [5. 7|) . The CKM fits are independently done for 
tree-level processes {\Vub\ and 03) and for 6 ^ d mixing processes (sin20i, Am^ and 02). Clear 
separation of these two regions is achieved with the integrated luminosity of 5 ab~^, while the 
deviation is not significant at 0.5 ab^^ that can be achieved at the present KEKB/Belle. 

Measurements of 02 using B^ — > tt^tt" or B^ — > pvr decay modes are contaminated by the 
6 — > d penguin diagram, which can be eliminated using the isospin relations within the Standard 
Model. However, the spin and fiavor structure of new physics contribution to the 6 — > d box and 
penguin amplitudes is model-dependent, and the isospin relations could be violated for some class 
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(b) 







Figure 5.6: Constraints on the CKM unitarity triangle at (a) 0.5 ab ^, (b) 5 ab ^, and (c) 
50 ab-^ 
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of new physics models. Here, for simplicity we assume that the "penguin trapping" technique 
based on the isospin relation is not affected by the new physics contribution in the penguin-loop, 
which is satisfied if the new physics diagrams only contribute to A/ = 1/2 amplitudes. In this 
case, the sum of the SM penguin and new physics penguin amplitudes is treated as a penguin 
amplitude to be trapped out. 

The effect of new physics on the b ^ d box diagram can be expressed as 

Mi2 = Mf^ + Mfl", (5.1) 



where Mfg^ (Mfl^) is the contribution of the amplitude to the b ^ d box diagram from the SM 
(new physics particles) !;-i94i ;-{95p.'fflf)l . The fit result for the constraints in the (Re Mf|", Im Mf^^) 
plane is shown in Figure EHl 

For the SUSY models discussed in Section FS.ll the Mi2'^ is tiny and the details of the models 
could not be distinguished from the fit on the (Re Mf2*,Im Mf-™) plane. However, it implies 
that if one finds a significant deviation of (Re Mfl™,!™ Mf™) from the origin, those specific 
SUSY models are excluded. Thus, this analysis provides another method to probe different 
kinds of new physics models that are sensitive to the b ^ d transitions. 

The method we described above can be extended to the b ^ s box diagram (Anis) and time 
dependent CP violation using B^ -^ Jjp(f> etc., s ^ d box diagram (ck), and b ^ d penguin 
diagram (6 -^ dj etc.). The exploration of new physics effects in flavor physics will be most 
powerful from a combination of these many different directions. 
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(a) 



(b) 





(c) 




Figure 5.7: Constraints on the CKM unitarity triangle assuming (/>3 = 120° at (a) 0.5 ab~"^, (b) 
5 ab~^, and (c) 50 ab~^. Independent constraints are shown for tree-level processes (|T4fe| and 
(^3) and for 6 ^^ d mixing processes (sin2(/)i, Am^ and ^2)- 
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Figure 5.8: Constraints on the new physics contribution to the b ^ d box anipUtude Mfl™- 
Contours correspond to 0.5 ab~^ (black), 5 ab~^ (red) and 50 ab~^ (green). 
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Chapter 6 

Summary 



The grand challenge of elementary particle physics is to identify the fundamental elements of 
Nature and uncover the ultimate theory of their creation, interactions and annihilation. To 
this end, all elementary particles and the forces between them should be described in a unified 
picture. Such unification naturally requires a deep understanding of physical laws at a very 
high-energy scale; for instance the unification of electroweak and strong forces is expected to 
occur at around 10^^ GeV, which is often called the GUT scale. 

It is unlikely that the GUT scale will be realized at any accelerator-based experiment even 
in the distant future. However, there are a few very promising ways to promote our grand 
challenge. One such approach is to elucidate the nature of quantum loop effects by producing 
as many particles as possible. This provides the rationale to pursue the luminosity frontier. 

There is no doubt that past experiments at the luminosity (or intensity) frontier of the age 
have yielded epoch-making results. This good tradition has been followed by Belle and BaBar, 
experiments at energy-asymmetric e~^e~ B factories KEKB and PEPII, which have observed CP 
violation in the neutral B meson system. The result is in good agreement with the constraints 
from the Kobayashi-Maskawa (KM) model of CP violation. We are now confident that the KM 
phase is the dominant source of CP violation. In 2003 the KEKB collider achieved its design 
luminosity of 1x10^^ cm~^s~^. The Belle experiment will accumulate an integrated luminosity 
of 500 fb~^ within a few years. This will suffice to determine the Unitarity Triangle with a 
precision of 0(10)%. Various other quantities in B meson decays will also become accessible. 
In particular, the first observation of direct CP violation in charmless B decays is anticipated. 

Over the past thirty years, the success of the Standard Model, which incorporates the KM 
mechanism, has become increasingly firm. This strongly indicates that the Standard Model 
is the effective low-energy description of Nature. Yet there are several reasons to believe that 
physics beyond the Standard Model should exist. One of the most outstanding problems is the 
quadratically divergent radiative correction to the Higgs mass, which requires a fine tuning of 
the bare Higgs mass unless the cutoff scale is 0(1) TeV. This suggests that the new physics lies 
at the energy scale of 0(1) TeV. There is a good chance that LHC will discover new elementary 
particles such as super symmetric (SUSY) particles. With this vision in mind, we raise an 
important question "what should be a role of the luminosity frontier in the LHC era ?" 

To answer the question, we note that the flavor sector of the Standard Model is quite suc- 
cessful in spite of the problem in the Higgs sector. This is connected to the observation that 
Flavor-Changing-Neutral-Currents (FCNCs) are highly suppressed. Indeed, if one considers a 
general new physics model without any mechanism to suppress FCNC processes, present ex- 
perimental results on B physics imply that the new physics energy scale should be larger than 
O(IO^) TeV. This apparent mismatch is called the new physics flavor problem. To overcome 
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the problem, any new physics at the TeV scale should have a mechanism to suppress FCNC 
processes, which often results in a distinctive flavor structure at low energy. Therefore, the 
indispensable roles of the luminosity frontier are to observe deviations from the Standard Model 
in flavor physics, and more importantly, to distinguish between different new physics models 
by a close examination of the flavor structure. Comprehensive studies of B meson decays in 
the clean e~^e~ environment provide the ideal solution for this purpose, which is not possible at 
LHC nor even at the future linear collider. 

These provide the primary motivation for SuperKEKB, a major upgrade of KEKB. Its design 
luminosity is 5 x 10^^ cm~^s~^, which is 50 times as large as the peak luminosity achieved by 
KEKB. Various FCNC processes, such as the radiative decay b — > 57, the semileptonic decay 
b — > sl'^l~, and the hadronic decays b -^ sqq and b -^ dqq, can be studied with unprecedented 
precision. All of these processes are suppressed in the Standard Model by the GIM mechanism, 
and therefore the effect of new physics is relatively enhanced. New observables that are currently 
out of reach will also become accessible. In addition to B meson decays, FCNC processes in r 
and charm decays will also be studied at SuperKEKB. 

The Belle detector will be upgraded to take full advantage of the high luminosity of Su- 
perKEKB. In spite of harsh beam backgrounds, the detector performance will be at least as 
good as the present Belle detector and improvements in several aspects are envisaged. Ta- 
ble 16.11 summarizes the physics reach at SuperKEKB. As a reference, measurements expected 
at LHCb are also listed. One of the big advantages of SuperKEKB is the capability to recon- 
struct rare decays that have 7's, vr'^'s, i^£'s or neutrinos in the final states. There are several 
key observables in Table 16.11 that require this capability. Also important are time-dependent 
CP asymmetry measurements using only a K'^ and a constraint from the interaction point to 
determine the B decay vertices. Examples include B^ — > K*^{^f Kgir^)^, ir^Kg and KgKgKg. 
These fundamental measurements cannot be carried out at hadron colliders. 

Figure l^TT a) shows a comparison between time-dependent CP asymmetries in B^ -^ J/ipKg, 
which is dominated by the b^ccs tree process, and B^ — > (pK^, which is governed by the b — > sss 
FCNC (penguin) process. It demonstrates how well a possible new CP-violating phase can be 
measured. Such a new source of CP violation may revolutionize the understanding of the origin 
of the matter-dominated Universe, which is one of the major unresolved issues in cosmology. 
Figure in3^b) shows correlations between time-dependent CP asymmetries in B^ — > K*^'y and 
B^ — > 0i^5 decays in two representative new physics models with different SUSY breaking 
scenarios; the SU(5) SUSY GUT with right-handed neutrinos and the minimal supergravity 
model. The two can be clearly distinguished. This demonstrates that SuperKEKB is sensitive 
to a quantum phase even at the GUT scale. Note that these two models may have rather similar 
mass spectra. It will therefore be very difficult to distinguish one from the other at LHC. If 
SUSY particles are discovered at LHC, the origin of SUSY breaking will become one of the 
primary themes in elementary particle physics. SuperKEKB will play a leading role in such 
studies. 

We emphasize that the example above is just one of several useful correlations that can be 
measured only at SuperKEKB. The true value of SuperKEKB is a capability to observe the 
pattern as a whole, which allows us to differentiate a variety of new physics scenarios. It is 
so to speak ^^DNA identification of new physics" , in that each measurement does not yield a 
basic physical parameter of the new physics but provides an essential piece of the overall flavor 
structure. This strategy works better when we accumulate more data. Thus the target annual 
integrated luminosity of 5 ab~^ is not a luxury but necessity, and stable long-term operation of 
SuperKEKB is necessary to meet the requirements. 

Determination of the Unitarity Triangle will also be pushed forward and will be incorporated 
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Observable 


SupcrKEKB 


LHCb 




(5 ab-i) (50 ab-i) 


(0.002ab-i) 


AiS^^o 


0.079 0.031 


0.2 


^Sli+l^-J^O^ 


0.056 0.026 




^S^'Kl 


0.049 0.024 


X 


^SkIk^kI 


0.14 0.04 


X 


^S^OKl 


0.10 0.03 


X 


sm2x (B.^J/iIj^) 


X X 


0.058 


Sk'Oj 


0.14 0.04 


X 


B[B ^ Xsi) 


5% 5% 


X 


Acp{B^Xsi) 


0.011 5x10-3 


X 


Cg from ApBiB -^ K*(+i-) 


32% 10% 




Cw from Afb(S -^ K*£+£-) 


44% 14% 




B{B, ^ fl+^i-) 


X X 


4(7 (3 years) 


B{B+ -^ K+vv) 


5.1cr 


X 


B{B+ -^ Dtv) 


8% 2.5% 


X 


B{B° -^ Dtu) 


3.5cr 9% 


X 


sin 201 


0.019 0.014 


0.022 


(/)2 (tttt isospin) 


3.9° 1.2° 


X 


02 (ptt) 


2.9° 0.9° 


X 


03 Pif(*^) 


4° 1.2° 


8° 


03 (S, ^ KK) 


X X 


5° 


03 (B« -. DsK) 


X X 


14° 


\Vub\ (inclusive) 


5.8% 4.4% 


X 


B{t ^ M7) 


< 1.8 X 10"* 





Table 6.1: Summary of the physics reach at SuperKEKB. Expected errors for the key observables 
are hsted for an integrated luminosity of 5 ab^^, which corresponds to one year of operation, 
and with 50 ab~^. A5/ is defined by A5/ = {—^f)Sf — Sj/^j^o , where ^/ is the CP eigenvalue of 
the final state /. For comparison, expected sensitivities at LHCb with one year of operation are 
also listed if available. The x marks indicate measurements that are very difficult or impossible. 

in the global pattern mentioned above. This can be done at SuperKEKB using redundant 
measurements of all three angles and all three sides of the Unitarity Triangle. In particular, 
(/)2 measurements and Vub measurements require the reconstruction of vr'^ mesons and neutrinos 
and are thus unique to a Super i?-Factory. An inconsistency among these measurements implies 
new physics. Figure IHT^ a) and (b) show the expected constraints at 50 ab^"*^ in two cases that 
are both allowed with the present experimental constraints. The clear difference between two 
figures demonstrates the power of the ultimate precision of 0(1)%, which will be obtained at 
SuperKEKB. 

We thus conclude that the physics case at SuperKEKB is compelling. It will be the place to 
elucidate the new physics flavor problem in the LHC era. The physics program at SuperKEKB 
is not only complementary to the next-generation energy frontier programme, but is an essential 
element of the grand challenge in elementary particle physics. 
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Figure 6.1: (a) Time-dependent CP asymmetries in B^ -^ 4'^s ^^^ ^^ ~^ J/'^^g decays 
expected with one year of operation at SuperKEKB (5 ab^^). The world average values (as of 
August 2003) for the modes governed by the 6 — > s transition are used as the input values of 
5j,^o = +0.24 and A^j^o = +0.07. (b) A correlation between time-dependent CP asymmetries 
in B^ -^ K*^^ and B^ — > (j)K'^. The dots show the range in the minimal supergravity model 
(mSUGRA). The circle corresponds to a possible point of supersymmetric SU(5) GUT model 
with right-handed neutrinos. Error bars associated with the circle indicate expected errors 
with one year of operation at SuperKEKB. The present experimental bound of 5^^° < +0.52 
{Sj^j^o < +0.85) at the 2a {3a) level is also shown by the dashed (dot-dashed) vertical line. 
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Figure 6.2: Constraints on the CKM unitarity triangle at 50 ab~^ (a) in the case consistent with 
the SM, and (b) with a large deviation from the SM. Both cases are within present experimental 
constraints. 
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